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INTRODUCTION 


The  objective  of  the  proposed  studies  focuses  on  the  characterization  of  a  novel  tumor 
cell  apoptosis-inducing  gene  that  was  identified  through  the  use  of  subtraction 
hybridization  from  human  melanoma  cells  induced  to  growth  arrest  and  terminally 
differentiate  by  treatment  with  interferon  and  mezerien.  Since  expression  of  this  gene 
correlates  with  induction  of  irreversible  growth  arrest;  cancer  reversion  and  terminal 
differentiation  in  human  melanoma  cells  it  was  named  melanoma  differentiation 
associated  gene-7  {mda-7).  Additional  studies  by  our  group  have  confirmed  its  potential 
gene  therapeutic  potential  in  other  cancers,  including  human  breast  and  prostate  cancer- 
derived  cells.  The  elucidation  of  the  mechanistic  basis  of  its  selective  action  will  provide 
valuable  insights  into  ensuring  safe  use,  improving  efficacy,  suggest  potential 
pharmacological  adjuvants  or  substitutes  and  possibly  give  important  additional 
information  for  developing  improved  treatment  options.  Growth  suppression  and 
apoptosis  was  observed  when  mda-7 IIL.-2A  was  transfected  or  transduced  into  a  wide 
spectrum  of  human  breast  cancer  cell  lines,  In  contrast,  no  significant  growth  inhibitory 
effect  was  apparent  when  this  gene  was  transduced  into  normal  breast  human  epithelial, 
endothelial,  melanocyte,  astrocytes  or  fibroblast  cells.  This  property  of  mda-7l\h-2A 
suggests  it  may  have  translational  potential  for  the  gene-based  therapy  of  breast  cancer. 
Moreover,  based  on  pre-clinical  cell  culture  and  animal  modeling  studies,  successful 
Phase  1  trials  have  been  performed  and  a  Phase  II  clinical  trial  has  been  recently  initiated. 
MDA-7/IL'24  has  been  delivered  to  cells,  tumor  xenografts  and  patients  in  clinical  trials 
via  a  nonreplicating  adenovirus  (Ad.mifa-7).  These  studies  are  contributing  greatly  to  our 
understanding  of  the  underlying  basis  of  mda-7l\h-2A  activity  and  offers  potential  for 
identifying  strategies  for  using  small  molecule  mimetics  having  equivalent  or  more 
potent  activity  than  Ad.mda-7.  We  previously  demostrated  that  mda-7/lL-24  cancer  cell- 
specific  activity  could  occur  through  mechanisms  independent  of  binding  to  its  currently 
recognized  cognate  receptors  and  might  even  occur  independent  of  receptor  function.  The 
present  studies  were  designed  to  assess  whether  the  potent  proapoptotic  activity  observed 
with  Ad.mda-7  is  due  to  the  intracellular  or  the  secreted  AfDA-7/IL-24  protein.  We  show 
that  Ad.mda-7  infection  of  cancer  cells  results  in  activation  of  ER-stress.  We  demostrate 
that  /nJa-7/IL-24-mediated  apoptosis  can  be  triggered  through  a  intrcellular  mechanism 
(via  deletion  of  the  signal  peptide  of  mda-7/IL-24  sequence)  and  can  occur  efficiently  in 
the  absence  of  protein  secretion.  Also,  we  report  the  properties  and  characteristics  of  a 
bacterially  expressed  and  purified  GST-MDA-7  fusion  protein. 
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BODY 

Task  1.  Identify  functional  domains  of  mda-7  relevant  to  its  apoptosis  inducing 
properties.  Publications:  Sauane  et  al.  Cancer  Research  64,  2988-2993  (i) 
Gopalkrishnan,  R.V.,  Sauane,  M.,  and  Fisher,  P.B.  International 
Immunopharmacology  4:  635-647  (i) 

We  have  shown  both  by  biochemical  as  well  as  genetic  mutation  based  criteria  that 
activation  of  STATl  and  STAT3  by  mda-7l\L-2A  was  not  essential  for  the  apoptosis 
triggering  activity  of  the  molecule  (2).  Based  on  that  finding,  we  set  out  to  define  the 
functional  domains  of  mda-7  and  to  determine  if  the  apoptotic  effect  is  triggered  by 
intracellular  protein,  possibly  by  receptor-independent  mechanisms.  To  this  end,  an 
adenovirus  vector  was  constructed  that  expressed  a  non-secreted  version  of  mda-7/lL-24 
lacking  the  signal  peptide  (Ad.SP>nc/a-7)  (3).  The  extent  and  modality  of  killing  was 
compared  between  the  full-length  mda-lllL-24  expressing  virus  (4)  and  Ad.SP  mc/a-7,  the 
results  obtained  indicated  that  the  effect  of  Ad.SP'mda-7  and  Ad.mda-1  infection  was 
similar  with  respect  to  transformed  cell  apoptosis  induction  (2)  (Fig.  I).  MDA-7/IL-24 
protein  was  shown  to  localize  to  the  ER  (5)/Golgi  compartments  (Fig.  2). 

Our  results  and  recent  studies  by  others  clearly  reveal  that  intracellular  MDA-7/IL- 
24  protein  is  active  in  inducing  transformed  cell-specific  apoptosis,  probably  through 
mechanism  involving  pathway  associated  with  ER-stress.  ER  stress  is  caused  by  different 
conditions  that  perturb  ER  function.  In  the  particular  case  of  ER-stress  caused  by 
misfolded  protein  accumulation,  a  highly  conserved  unfolded  protein  response  (6)  signal 
transduction  pathway  is  activated  (5).  The  UPR  is  characterized  by  the  coordinated 
activation  of  multiple  signal  transduction  pathways  that  lead  to  the  suppression  of  the 
initiation  step  of  protein  synthesis,  and  trigger  the  expression  of  genes  encoding  ER 
chaperones,  enzymes  and  structural  components  of  the  ER.  Prolonged  activation  of  this 
pathway  leads  ultimately  to  apoptosis.  Earlier  findings  from  our  group  support  this 
hypothesis  since  induction  of  the  GADD  genes  is  classically  associated  with  the  stress 
response  including  ER-stress  pathways.  Induction  of  GADD  genes  and  further  upstream 
events  such  as  activation  of  p38MAPK  were  shown  to  be  induced  by  mda-7f[L-24  in  a 
transformed  cell-specific  manner  {3,  7).  Treatment  with  Ad.mda-7  also  specifically 
activated  the  p44/42MAPK  pathway  (3,  8).  Furthermore,  Ad.mda-7  infection  produced  an 
up-regulation  of  the  inositol  1 ,4,5-trisphosphate  receptor  (IP3R)  in  H1299  cells  (9).  IP3R 
is  an  intracellular  calcium-release  channel  implicated  in  apoptosis  and  localized  in  the  ER. 
BiP  has  been  best  characterized  for  its  role  in  protein  folding  and  assembly,  and  its  up- 
regulation  during  ER  stress  is  a  hallmark  of  the  unfolded  protein  response  (UPR)  (70). 
Earlier  reports  identified  putative  conserved  functional  HSP70-like  chaperone  (BiP)- 
binding  sites  in  both  the  helix  C  and  F  motifs  of  MDA-7/IL-24  (77).  Interestingly,  a 
microarray  study  was  reported  showing  that  mda-7  is  able  to  induce  the  expression  of  ER- 
stress  response  genes  such  as  BiP  (72).  Thus  an  important  functional  domain  mutant, 
Ad.SFmda-7  was  generated  and  characterized  in  this  funding  period.  Biochemical  studies 
with  this  mutant  demonstrated  the  importance  of  the  ER/UPR  response  in  mda-7/IL-24 
activity  resulting  in  a  high  impact  publication  (3).  This  work  has  defined  other  relevant 
mutagenesis  targets,  which  will  be  analyzed  in  year  2. 
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Task  2.  Identify  and  characterize  MDA-7  binding  proteins  and  interacting 
molecules  by  generation  of  a  bacterially  expressed  soluble  MDA-7  protein  as  a  GST 
fusion.  Publication:  Sauane  et.  al.,  Oncogene  23,  7679-7690  (2004) 

I  have  initiated  Task  2  since  progress  in  this  area  progressed  well  for  technicai 
reasons.  I  report  for  year  1  my  findings  relating  to  the  properties  and  characteristics  of  a 
bacterially  expressed  and  purified  GST-MDA-7  fusion  protein.  Recent  data  indicates  that 
GST  has  high  transduction  efficiency  in  various  cell  types  and  can  be  used  successfully 
for  intracellular  delivery  of  biologically  active  peptides  (13).  A  GST-MDA-7  fusion 
protein  was  expressed  and  purified  from  a  bacterial  expression  system  to  identify  and 
characterize  MDA-7  binding  proteins  and  interacting  molecules.  In  the  course  of  these 
experiments,  analysis  was  also  performed  to  determine  if  this  purified  protein  had 
biological  activity. 

In  the  context  of  tumor  cell  killing,  my  current  recently  published  findings 
indicate  that  bacterially  expressed  and  purified  GST-MDA-7  operates  in  a  similar  way  as 
does  plasmid  or  adenovirus  expressed  MDA-7/IL-24  i.e.  via  JAK/STAT-independent  and 
MAPK -dependent  pathways  (Figures  3  and  4)  (2,  7).  Furthermore,  treatment  with  GST- 
MOB-5  (rat  orthologue  of  mda-7  having  ~80%  homology  (Wang,  2002  #22),  purified 
under  the  .same  conditions,  did  not  induce  cytotoxic  effects  in  cells  and  was  comparable 
to  treatment  with  GST  protein,  indicating  that  the  observed  apoptotic  effects  are  not 
attributed  to  the  novel  modifications  of  the  fusion  protein  but  rather  are  likely  a 
consequence  of  the  activity  of  the  MDA-7/IL-24  moiety  of  the  fusion.  The  GST-tag 
might,  however,  contribute  to  stability  as  well  as  facilitation  of  protein  uptake  by  cells. 
There  is  also  a  possibility  that  the  uptake  process  is  receptor  mediated  but  the  likelihood 
of  currently  recognized  cognate  mda-7l\h-2A  receptor  participation  in  this  process  is  not 
very  strong.  In  general,  the  data  shown  here  indicates  that  GST-MDA-7  is  functionally 
equivalent  to  native  MDA-7/IL-24  protein  with  respect  to  its  tumor-killing  attributes. 
Cancer  gene  therapy  using  Ad.mda-7  has  significant  promise  and  based  on  initial 
successes  continues  to  be  evaluated  in  Phase  I/II  clinical  trials  (4,  6).  The  potential  use  of 
GST-MDA-7  protein  as  a  therapeutic  is  intriguing,  since  it  can  enlarge  the  existing 
MDA-7/IL-24  therapeutic  scope  to  cover  tumors  resistant  to  or  uninfectable  by  Ad.mda- 
7.  Additional  work  has  demonstrated  that  both  AA.mda-1  as  well  as  the  GST-MDA-7 
fusion  protein  radiosensitize  primary  human  glioblastoma  cells  to  comparable  extents  (8, 
14).  As  shown  in  Figure  5,  GST-MDA-7,  but  not  GST,  induced  a  dose-dependent 
decrease  in  viability  in  MDA-MB-231  cells  as  reflected  by  MTT  assay.  MDA-MB-231 
cells  were  treated  with  bacterially  synthesized  GST-MDA-7  followed  by  exposure  to 
ionizing  radiation.  GST-MDA-7  suppressed  MDA-MB-231  cell  growth  that  was 
enhanced  in  a  greater  than  an  additive  fashion  by  ionizing  radiation.  The  direct  growth 
inhibitory  effect  of  purified  protein  in  additional  breast  cancer  cells  was  observed  when 
MCF-7,  T47D  and  MDA-MB-157  breast  tumor  cells  were  treated  with  the  GST-MDA-7 
protein.  In  contrast,  no  significant  change  in  viability  or  growth  was  observed  following 
treatment  of  the  normal  HBL-lOO  breast  epithelial  cell  lines  with  GST-MDA-7.  When 
analyzed  with  anti-GST  antibody,  both  control  GST  protein  as  well  as  GST-MDA-7  is 
visualized  inside  cells  in  extra-nuclear  locations.  Samples  processed  in  parallel  but 
reacted  with  anti-MDA-7  antibody  show  an  intracellular  localization  of  GST-MDA-7 
protein.  Specificity  is  demonstrated  due  to  lack  of  detection  of  protein  in  GST  treated 
samples  reacted  with  anti-MDA-7  antibody.  It  therefore  appears  that  cells  internalize 
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GST  as  well  as  GST-MDA-7  fusion  proteins.  It  is  unclear  if  this  is  a  receptor-mediated 
process,  although  a  more  likely  possibility  is  that  the  GST  moiety  facilitates  uptake  of 
protein  by  cells  as  recently  reported  (13).  Thus  in  year  1, 1  have  been  able  to  standardize 
expression  and  purification  conditions,  produce  and  biochemically  characterize  a  novel 
reagent  that  might  have  potential  therapeutic  potential  as  well  as  serve  as  an  important 
research  tool.  My  initial  findings  have  been  published  in  a  high  impact  journal  Oncogene 
(75)  and  further  work  in  subsequent  years  will  follow  up  on  these  initial  findings. 

1.  R.  V.  Gopalkrishnan,  M.  Sauane,  P.  B.  Fisher,  !nt  Immunopharmacol  4,  635-47 
(May,  2004). 

2.  M.  Sauane  et  al.,  J  Cell  Physiol  196,  334-45  (Aug,  2003). 
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Fig.  1  Comparative  growth  inhibition,  apoptosis  induction  and  MDA-7  expression  in 
cells  infected  with  Ad.vcc,  \A.mda-l  and  Ad.SPmda-?.  A)  Growth  inhibition  in 
prostate  cell  lines:  Cells  were  infected  with  100  pfu/cell  of  Ad.vec,  Ad.SP  mt/o-Z  or 
^A.mda-l  and  cell  viability  was  determined  by  the  MTT  proliferation  assay  5-days  after 
infection.  Numbers  represent  a  ratio  of  specific  treatments  indicated  versus  untreated 
cells.  An  average  of  three  independent  experiments  is  shown  +  S.D.  B)  MDA-7/IL-24 
expression  in  DU-145  cells:  Protein  lysates  were  collected  from  uninfected  (control) 
DU-145  cells  and  after  infection  with  Ad.vec,  Ad.mda-1  or  Ad.SVmda-1 .  Samples  (50 
mg)  were  run  on  12%  SDS-PAGE,  transferred  to  a  nitrocellulose  membrane  and  stained 
with  rabbit  anti-mr/a-7/IL-24  antibody  as  described  in  Materials  and  methods. 

Fig.  2  Localization  of  the  MDA-7  protein  after  infection  with  Ad.SP  /nda-?  or 
AA.mda-l\  MDA-7  protein  localization  was  analyzed  by  indirect  immunofluorescence 
after  infection  of  DU- 145  or  P69  cells  with  100  pfu/cell  of  Ad.^Vmda-1,  Ad.mtfa-7,  or 
Ad.vec  and  48  h  post  infection  cells  were  fixed  and  MDA-7/IL-24  protein  was  detected 
by  indirect  immunofluorescence  using  anti-n2r/a-7/IL-24  antibody.  Images  of  Golgi,  ER 
and  mitochondria  were  obtained  using  anti-G130,  anti-calreticulin,  and  MitoTracker, 
respectively,  as  described  in  Materials  and  methods.  Images  of  the  different 
compartments  and  mda-ll\h-2A  were  merged.  Similar  localization  of  MDA-7/IL-24 
protein  was  observed  following  infection  with  the  different  viruses  in  P69  cells  (data  not 
shown). 

Fig.  3  Apoptosis  induction  by  GST-MDA-7  in  JAK/STAT  deficient  human 
fibrosarcoma  cell  lines:  The  indicated  cell  types  were  treated  with  GST  or  GST-MDA- 
7  protein.  Cells  were  analyzed  for  cell  viability  by  MTT  assay  5-days  later.  MTT 
absorbance  of  untreated  control  cells  was  set  at  1  to  determine  relative  number  of  viable 
cells.  Results  are  the  average  of  three  independent  experiments  +  S.D. 

Fig.  4  Comparative  growth  inhibition  and  apoptosis  induction  in  pancreatic  cancer 
cells  treated  with  GST  or  GST-MDA-7.  Cells  were  treated  with  GST  or  GST-MDA-7 
and  cell  viability  was  determined  by  the  MTT  proliferation  assay  5-days  later.  Numbers 
represent  a  ratio  of  specific  treatments  versus  untreated  cells.  An  average  of  three 
independent  experiments  is  shown  +  S.D. 

Fig.  5  Enhanced  radiation-induced  cell  killing  in  breast  cancer  cells  treated  with 
GST-MDA-7.  A)  MDA-MB-231  Cells  were  treated  with  GST  or  GST-MDA-7  and  cell 
viability  was  determined  by  the  MTT  proliferation  assay  5-days  later.  Numbers  represent 
a  ratio  of  specific  treatments  indicated  versus  untreated  cells.  B)  MDA-MB-231  cells 
were  treated  with  GST-MDA-7  or  GST  and  24h  after,  cells  were  irradiated  (3,  6,  9  Gy). 
Cells  were  collected  96  h  after  irradiation  and  viability  was  determined  by  MTT  assay. 
C)  HBL-100,  MDA-MB-157,  MDA-MB-23 1 ,  T47D,  and  MCF-7  were  treated  with  GST 
or  GST-MDA-7  and  cell  viability  was  determined  by  the  MTT  proliferation  assay  5-days 
later.  Numbers  represent  a  ratio  of  specific  treatments  indicated  versus  untreated  cells.  An 
average  of  three  independent  experiments  is  shown  +  S.D. 
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Key  Research  Accomplishments 


•  I  have  been  able  to  demonstrate  that  intracellular  localization  to  the  endoplasmic  reticulum 
(ER)  is  necessary  and  sufficient  for  mc/a-7/IL-24-mediated  apoptosis,  This  unprecedented 
mode  of  activity  of  mdfl-7/IL-24,  in  the  context  of  its  belonging  to  and  displaying  all  the 
characteristics  of  a  secreted  cytokine,  serves  to  highlight  the  mechanistic  basis  of  its  anti¬ 
tumor  cell  activity.  Specifically,  we  have  demonstrated  that  mda-7l\L-lA  is  able  to  trigger 
ER-stress  probably  due  to  binding  to  BiP.  This  was  accomplished  by  using  an  adenovirus 
vector  expressing  a  nonsecreted  version  of  MDA-7/IL-24  protein  generated  via  deletion  of 
its  signal  peptide. 

•  I  have  been  able  to  standardize  expression  and  purification  conditions,  produce  and 
biochemically  characterize  a  novel  reagent  that  might  have  potential  therapeutic  potential 
as  well  as  serve  as  an  important  research  tool.  GST-MDA-7  retains  its  cancer-selective 
apoptosis-inducing  properties,  thereby  providing  a  new  reagent  that  will  assist  in  defining 
the  mechanism  of  action  of  this  novel  protein.  In  addition,  retention  of  tumor-specific 
activity  of  GST-MDA-7  suggests  that  this  protein  may  also  have  therapeutic  applications. 
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Cancer’s  Achilles’  Heel.  Molecular  Therapy,  11:4-18. 
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Conclusions 


I  have  been  able  to  demonstrate  that  signaling  events  leading  to  susceptibility  to 
Ad.mda-7  or  Ad.SP>«da-7-induced  apoptosis  have  a  potent  intracellular  mode  of  action 
and  that  this  molecule  is  active  in  inducing  transformed  cell-specific  apoptosis  even 
without  secretion.  Our  results  also  demonstrate  that  mda-7l{L-24  is  able  to  trigger  ER- 
stress. 


I  have  demonstrated  that  purified  recombinant  GST-MDA-7  protein  recapitulates 
the  potent  tumor  suppressing  and  apoptosis-inducing  properties  of  adenovirally  expressed 
mda-7/IL-24  in  breast  cancer  cells.  We  thereby  provid  a  new  reagent  that  will  assist  in 
defining  the  mechanism  of  action  of  this  novel  cytokine.  In  addition,  retention  of  tumor 
specific  activity  of  GST-MDA-7  suggests  that  this  protein  may  also  have  therapeutic 
applications. 
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Melanoma  DitTerentiation  Associated  Gene-7/Interleukin-24  Promotes  Tumor  Cell- 
Specific  Apoptosis  through  Both  Secretory  and  Nonsecretory  Pathways 
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Abstract 

Melanoma  differenliatiun  associated  gene-7/inleiieukin-24  iMda-lfVL- 
24),  a  novel  member  of  the  EL-10  family  tA  cytokines,  uniquely  displays 
ciuicer-speciflc  apoptosis-inducing  activity.  Positive  results  in  ongoing 
phase  E/II  clinical  trials  have  strengthened  the  possihilily  of  its  utilization 
as  a  cancer  gene  therapeutic.  Previous  studies  document  that  signaling 
events  leading  to  Adjiiilu-7-induced  transformed  cell  apoptosis  are  tyro- 
.siiie  kinase-independent.  These  residts  su^st  that  inda-7/TL-24  cancer 
cell-specific  activity  could  occur  through  mechanisms  independent  of 
binding  to  its  currendy  recognized  cognate  receptors  and  might  even 
occur  independent  of  receptor  function.  An  adenovirus  vector  expressing 
a  nonsecreted  version  of  MDA-7/1L-24  protein  was  generated  via  deletion 
of  its  signal  peptide.  This  nonsecreted  protein  was  as  effective  as  wild-type 
secreted  MDA-7/1L-24  in  inducing  apopiosis  in  prostate  carcinoma  cell 
lines  and  displayed  transformed  ceil  specificity  and  localization  of  MDA- 
liMr'lA  in  the  Oolgi/endoplasmic  reticulum  compartments.  Our  results 
indicate  that  nida-7/lI.-24-niediated  apopiosis  can  be  tri^cred  througli  a 
comhinalion  of  intracellular  as  well  as  secretory  mechanisms  and  can 
occur  efiicienlly  in  the  absence  of  protein  secretion. 

Iniroduclion 

Melanoma  differentiation  associated  genc-7  {nu!a-l)  was  identified 
by  subtraction  hybridization  in  the  context  of  induction  of  irreversible 
growth  arrest  and  leiminai  differentiation  of  human  melanoma  cells 
(I.  2).  Transfection  of  mda-1  into  a  spectrum  of  human  and  rodent 
tumor  cells  confirmed  potent  growth-inhibitory  profierties.  not  only  in 
the  context  of  melanoma  but  also  in  diverse  human  cancers  (3).  In 
contrast,  this  antigrowih  effect  was  not  apparent  in  normal  cells  (3). 
Structural  and  sequence  homology  in  addition  to  functional  conser¬ 
vation  indicated  that  this  gene  belongs  to  the  interleukin  (IL)-IO 
family  of  cylokines  and  has  therefore  been  redesignated  IL-24  (2, 
4-9).  Several  independent  studies  have  demonstrated  that  a  majority 
of  human  cancer-derived  cell  lines,  including  melanoma,  prostate, 
breast,  cervical,  lung,  fibrosarcoma,  pancreatic,  colorectal,  and  glio¬ 
blastoma  undergo  apoptosis  when  exposed  to  mda-1  AL-2A  (reviewed 
in  Ref.  6).  Current  studies  indicate  that  the  mechanism  by  which 
m(ia-7/IL-24  induces  cancer-specific  apoptosis-inducing  activity  is 
complex,  involving  multiple  signal  transduction  pathways  and  intra¬ 
cellular  molecules  (reviewed  in  Refs.  6,  10,  11).  rec|iiiring  further 
clarification. 
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The  inRNA  enctxling  mda-7/lL-24  is  ~2  kb  and  encodes  a  protein 
predicted  to  have  a  molecular  weight  of  M,  23.800  (2)  belonging  to 
the  four-helix  bundle  family  of  cytokine  molecules  (8,  9).  The  open 
reading  frame  encotdes  a  molecule  that  is  206-amino  acids  in  length, 
which  is  a  precursor  form  of  the  ultimate  cleaved,  post-translationally 
processed  and  secreted  mature  product.  There  arc  three  consensus 
asparagine  glycosylation  residues  that  are  A-glycosylaced,  resulting  in 
a  mature  secreted  product  showing  multiple  bands  on  denaturing 
protein  gel  electrophoresis  likely  because  of  partial  and  complete 
sugar  modification  on  available  sites  (6,  10|.  The  precursor  form  of 
m(/a-7/lL-24  is  cleaved  at  position  48.  the  signal  peptidase  cleavage 
recognition  sice,  during  import  into  the  endoplasmic  reticulum  (ER) 
for  processing  and  .secretion  via  passage  through  the  Golgi  apparatus 
and  secretory  vesicles.  ITic  cleaved  unprocessed  protein  has  a  pre¬ 
dicted  molecular  weight  of  M,  18,2(111,  and  .several  groups  have 
currently  dcmonsuaied  proces-sing  and  secretion  of  the  molecule  as 
predicted  by  the  presence  of  consensus  sites  relevant  to  specific 
processing  events  (6,  10), 

The  present  studies  were  designed  to  assess  the  relevance  of 
mt/o-7/rL-24  secretion  in  mediating  cancer  gene  therapy  relevant 
biological  effects  (i.e,  cancer-selective  cell  killing).  Our  results  con¬ 
firm  that  signaling  events  leading  to  susceptibility  to  Ad.mda-7-  or 
Ad.SP  mdn-7-induced  apopiosis  have  a  potent  inu^elluiar  mode  of 
action  and  that  this  molecule  is  active  in  inducing  transformed  cell- 
specific  apoptosis  even  without  secretion.  Our  results  also  demon¬ 
strate  significam  involvement  of  extracellular  signal-regulated  kinase 
1/2  (ERKl/2)  in  mi/t;-7/n--24-induced  transformed  cell-specific  kill¬ 
ing  as  one  of  several  components  potentially  contributing  to  this 
observed  activity. 

Materials  and  Methods 

Cell  I.ines.  Adenoviruses,  3-(4,S-Diniethylthu(zol-2-yl)-2,S-diphenyltet- 
nizolium  bromide  (MTT)  Viability  Assay,  (1uore.sccnce-Activaled  Cell 
•Sorter  Analysis,  and  Cell  ('ounting.  Alt  hutnan  cancer  cell  lines  were 
obtained  from  the  American  Type  Culture  Collection  (Rockville,  MD)  other 
than  the  human  fibrosarcoma  2ITGH  and  its  derivatives,  which  were  a  kind  gift 
from  IJr.  George  Stark  (Cleveland  Clinic.  Cleveland,  Oil).  The  immortalized 
normal  prostate  epithelial  ceil  P69  was  provided  hy  Dr.  J.  Ware  (Medical 
College  of  Virginia,  Richmond,  VA).  Culture  and  maintenance  of  cells  and 
construction,  pre^agation.  and  utilization  of  adenoviruses  were  as  described 
previously  (12).  Protocols  used  for  MTT,  fluorescence-activated  cell  sorter, 
and  cell  counts  were  as  described  previously  (12). 

Western  Blot  Analys&s.  Cell  line?  were  grownon  10-cm  plates  and  protein 
extracts  were  prepared  with  radioimmunopredpiiation  assay  buffer  containing 
a  mixture  of  protease  inhibitors.  Fifty  p,g  of  protein  was  applied  to  12% 
SDS-PAOE  and  minsferred  to  nitrocellulose  membranes.  The  membranes  were 
probed  with  polyclonal  antibodies  to  mda-l.  phospho-F;RKl/2,  and  total  ERK 
antibodies  (12). 

Matrigel  Invasion  Assay.  Invasion  of  C816I  cells  in  vitro  was  measured 
as  the  capacity  of  cells  to  pass  through  a  M^gel-coaied  Iranswell  Insert 
(Coming  Inc.,  NY).  Briefly.  Iranswell  inserts  with  8-nm  pores  were  coated 
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wilh  Mairigel  (1  mg/ml),  cells  were  tr>psinized.  and  200-(J  aliquots  of  cell 
suspension  (1  x  10^  celb/ml)  were  added  in  inplicate  wells.  After  4S-h 
incubation,  cells  that  passed  through  the  filter  into  die  lower  wells  were 
quantified  by  direct  counting. 

Bystander  Tumor  Growth  Inhibition  Assay.  Tlie  town'  basal  laya  of 
cells  (P69)  was  seeded  at  2  X  di.^  and  infected  at  25  multiplicity  of 

infection  wilh  the  respective  viruses.  After  24  h,  cells  were  washed  five  times 
wilh  PBS  and  overlaid  wilh  fi  ml  of  0-4%  Nobel  agar  containing  1  X  iO' 
DU-145  cells.  After  14  days  of  incubation  during  which  overlay  cells  were 
refed  every  4  days,  macroscopic  colonies  mm  were  scored-  Colonies  were 

enumerated  from  triplicate  plates,  and  values  were  expressed  as  an  average 
ISD. 

lminunofluorc.sccnce.  DU-145  and  P69  cells  were  grown  in  chamber 
slides  (Falcon;  BD  Biosciences,  San  Jr>se,  CA)  fixed  wilh  2%  paraformalde¬ 
hyde.  permeabilired  by  0.1%  Triton  X-100,  and  then  incubated  with  primary 
antibodies  (antirabbit  mda-7),  GM130  (BD  PharMingen,  San  Diego.  CA|, 
lysosome-associaled  membrane  glycoprotein  1/2  (LAMPl/2;  Santa  Crux.  CA). 
calreticulin  (BD  PharMingen),  and  Mitmtrack  marker  (Molecular  Probes, 
Eugene  OR)-  FFTC-conjugaied  donkey  antimouse  IgG  or  aniirabbii  IgO  (Mo¬ 
lecular  Probes)  were  used  for  visuahzation  on  a  Zeiss  LSM  510  fluorescence 
microscope. 

Results 

Growth  Inhibitory  Effect  of  \djnda.7  and  Ad.SF ' mda-7  on 
Prostate  Cancer  Cell  IJnes.  Experiments  were  performed  to  deter¬ 
mine  whether  infection  with  an  adenovirus  vector  expressing  a  non- 
secreted  version  of  MDA-7/1L-24  protein  deleted  for  the  signal  pep¬ 
tide  (Ad.SP  mda-1)  could  induce  growth  .suppression  and  apoptosis 
in  prostate  nimnr  cells  in  a  manner  analogous  to  that  observed  using 
a  full-length  mda-inL-7A  (Ad.mda-7;  Refs.  13,  14).  Parallel  experi¬ 
ments  were  performed  wilh  a  normal  immortalized  untiansformed 
prostate  epithelial  cell  line  (P69;  Ref.  15)  to  define  potential  differ¬ 
ential  susceptibility  to  ihe.se  viruses.  These  experiments  confirmed 
that  infection  with  both  viruses  induced  comparable  killing  in  suscep¬ 
tible  prostate  tumor  cell  lines  (PC-3,  DU-145,  and  LNCaP),  but  as 
previously  reported,  using  Ad.mdu-7  (13)  did  not  affect  the  viability 
of  P69  cells  (Fig.  lA). 

Ad.rtK/o-7  or  Ad.SP'  mdu-?  infection  induced  an  increase  in  die 
proportion  of  DU-145  cells  undergoing  apoptosis  as  reflected  by  an 
increase  in  ihe  proportion  of  cells  with  a  sub-G./G,  hypodiploid  (AJ 
DNA  content  (lug.  15),  as  previously  described  for  M.nida-1  (13). 
Similar  results  were  obtained  when  LNCaP  or  PC-3  prostate  tumor 
cells  were  infected  wilh  the  two  mt/u-7/IL-24  expressing  adenoviruses 
(data  not  shown).  In  contra.st.  no  significant  change  was  observed  in 
the  percentage  of  apoptoiic  cells  after  infection  of  P69  ceils  with 
Ad.vec.  Ad.SP  mda-1.  or  kd-mda-l  (Fig.  IB).  This  data  provides 
further  support  for  equivalent  cancer-specific  cell  killing  wilh 
kd-mda-l  or  Ad.SP  nuta-l. 

To  determine  the  extent  of  secretion  of  MDA-7/1L-24  protein 
lifter  infection  wilh  Ad.SP”m<ii-7  and  compare  it  with  wild-type 
Ad.mda-7,  we  analyzed  the  supernatant  and  pellets  of  infected  cells  by 
Western  bloning  24  h  after  infection  (Fig.  1C).  Intracellular  protein 
was  observed  in  DU-145  cells  in  extracts  derived  from  both 
Ad.SP”mda-7  and  M.mda-1.  Secreted  MDA-7/IL-24  protein  was 
found  in  the  supernatants  only  from  Ad.mda-7-infected  cell  lines  at 
24  h  {as  well  as  48  and  72  h;  data  not  shown).  The  intracellular 
fractions  of  mda-lHL-lA  expressed  by  Ad.SP'mda-?  differed  from 
wild-type  Ad.rnda-7-expressed  protein  in  that  the  only  band  present  in 
both  extracLs  was  a  lower  molecular  weight  band  of  ~M,  18,000.  The 
additional  higher  molecular  weight  bands  .seen  in  the  intracellular 
Ad.mrfa-7  lane  (Fig.  1C)  are  likely  the  previously  reported  post- 
translationally  processed  forms  of  this  molecule  (16-18).  This 
.strengthens  Ihe  possibility  that  absence  of  signal  peptide  impacts  on 
further  post-translational  processing  of  the  mutant  protein,  including 


lack  of  secretion.  Because  in  both  ca-ses  Ihe  killing  effect  is  compa¬ 
rable.  it  is  possible  that  the  active  form  of  protein  does  not  necessarily 
require  processing  but  might  need  localization  to  ER  and  Golgi 
compartments  of  cells  to  be  functional.  We  have  also  noted  an 
apparently  lower  amount  of  MDA-7/IL-24  protein  expres.sion,  by 
Western  blotting  (Fig.  1C.  lefi  panel)  with  flie  Ad.SP  mda-1  virus 
compared  wilh  Ad.mda-7.  Tlie  viral  liters  u.sed  in  these  studies  are 
equivalent,  as  is  Ihe  extent  of  cell  killing  (Fig.  1.  A  and  6).  It  is 
possible  that  (a)  stronger  intensity  generated  by  glycosylated  protein 
bands  attributable  to  additional  antibody  trapping  of  primary  or  sec¬ 
ondary  antibody  on  .sugar  residues  produces  an  apparently  stronger 
signal  for  a  given  amount  of  protein  compared  with  unglycosylated 
molecules  (/?)  lower  st^ilily  of  unglycosylated  MDA-7  protein  be¬ 
cause  the  sugar  modification  might  comribuie  to  stability  results  in  an 
overall  lower  steady-state  level  of  this  form  of  protein.  The  amount  of 
mda-7/lL-2i  mRNA  expressed  by  both  viruses  is  comparable  in 
Northern  blot  analyses.’  Regardless,  the  phenotypic  effect  of  these 
two  viruses  irrespective  of  the  apparent  differences  in  protein  expres¬ 
sion  level  is  essentially  identical  with  respect  lo  growth  inhibition  and 
apoptosis  induction. 

We  previously  demonstrated  activation  of  ERKl/2  in  glioblastoma 
cells  upon  Ad.mda-7  infection  (19).  To  define  whether  ERKI/2  acti¬ 
vation  also  plays  a  role  in  /mia-7/IL-24-induced  killing  in  prostate 
cancer  cell  lines  we  used  PE)98059,  a  specific  milogen-aclivaled 
protein  kinase  kinase  1  signal  pathway  inhibitor  (19).  This  pharma¬ 
cological  agent  inhibited  killing  of  DU-145  cells  to  a  comparable 
extent  after  infection  with  either  Ad.SP  mda-7  or  Adjnda-7.  whereas 
a  similar  experimental  protocol  did  not  affect  the  viability  of  P69  cells 
(Fig.  1£>).  A  similar  inhibition  in  cell  killing  was  also  apparent  in 
PD98039-ireaied  LNCaP  and  PC-3  cells  infected  with  both  viruses 
(data  not  shown).  To  further  substantiate  this  observation,  lysates  of 
P69  and  DU-145  cells,  either  uninfected  or  infected  with  the 
Ad.SP  mda-7  or  Ad.mda-7  virus,  were  analyzed  by  SDS-PACE 
followed  by  Western  blotting  wilh  antipliospho-ERKl/2  and  anii- 
ERK  (total)  antibodies.  As  shown  in  Fig.  ID,  treatment  widi 
Ad.SP  mda-7  or  Ad.mda-7  promoted  ERKl/2  phosphorylation  in 
prostate  cancer  cell  lines,  but  not  in  the  P69  cell  line,  correlating  cell 
killing  with  activation  of  the  ERKl/2  pathway.  As  documented  pre¬ 
viously  for  Ad-mda-7  (12),  we  observed  that  Ihe  Ad.SP”mda-7  virus 
was  capable  of  inducing  apoptosis  in  cells  functionally  deficient  for 
lanus-aclivaied  kinase/signal  transducers  and  activators  of  transcrip¬ 
tion  (JAK/STAT)  signaling  (Ref.  20;  data  not  shown),  further  indi¬ 
cating  functional  equivalence. 

Secreted  and  Nonsecreled  Forni.sof/nda-7/lL-241nIiihit  Tumor 
Cell  Invasion.  An  additional  comparison  of  the  relative  potencies  of 
both  forms  of  MDA-7/IL-24  protein  focused  on  their  impact  on  tumor 
cell  inva-siveness.  For  Ihis  analysis,  the  effect  of  Ad.SP  mda-7  and 
Ad.mdo-7  infection  on  the  invasiveness  of  C8i61  cells  (metastatic 
human  melanoma  cells)  was  studied.  This  cell  line  was  chosen  be¬ 
cause  of  its  well-documented  and  reproducible  inva.sive  capacity  in 
vitro  as  well  as  its  rumorigenic  and  meuistaiic  properties  in  in  vivo 
nude  mouse  a.ssays  (21,  22).  Invasiveness  was  evaluated  using  a 
Mairigel-basement  membrane  model  that  delcmiines  the  invasion  of 
infected  cells  through  a  layer  of  Malrigel-coaied  8-0-p.m  pore  size 
tissue  culture  inserts.  Infection  of  C816i  cells  wilh  Ad.SP'mi/a-7  or 
Ad.mda-?  inhibited  lo  a  similar  extent  the  ability  of  these  cell.s  to 
invade  through  Mairigel-coaled  membrane  inserts  as  compared  wilh 
Ad.vec-infected  cells  (Fig.  2A.  top  panel).  This  effect,  which  was 
apparent  48  h  after  infection  wilh  the  MDA-7/IL-24  expressing  ad¬ 
enoviruses.  occurred  without  any  apparent  effect  on  C8I6I  cell 
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Fig,  I .  G)inparalive  growth  inhibidon,  apoptosis  Induction,  and  MDA-7  ex- 
pressim  in  cells  infctsed  with  Ad.veo,  and  Ad.SP  •mla-T.  A.  growth 

inhibidon  m  pmsiaie  cell  lines.  Cellx  infevled  with  100  piu/ccl)  of  AJ.^, 
Ad.SP  mi^7s  or  Ad/niA?*7,  and  cell  viahtlliy  wa<;  deiemtined  by  the  3-(44i- 
dimetliyld)ia£ol*2-y))-2,5-dif^wnyltetnizoIiurT)  btoirude  proliferaOon  a^y  ft  days 
aher  infection.  Numhtry  repre^l  a  ratio  of  ifKviHc  dcatmcnts  Indicated  versus 
untreated  cells.  An  aseiage  rtf  three  independent  eKperintentx  Is  shown  ±SD  B. 
apoptosis  induction  in  prostole  cancer  cell  lines.  DU- 145  and  P69  cells  were  crealed 
as  described  (tn  A),  and  du  percentage  of  the  cells  in  the  A^  froclion  (M I  bars)  was 
deiamiited  24  h  lam  by  fpiyura  and  stBinlog  with  propdium  iodide  and  quanti- 
lalii^  by  fluorescence'scdvated  cell  sorter  analysis  using  die  CellQuest  software 
(Bectwi  tXckin&M)}  ai  dc:«ribed  In  "MutcriaU  and  Methods,”  C.  MDA>7/1L*24 
expression  in  DU*  1 45  cells.  Protein  lysate.<  were  cr^lected  hom  uninfected  (cun- 
frol)  OU-145  cells  and  after  infection  with  Ad.vec.  Advncto-7,  or  Ad.SP  mda  7. 
Samples  {50  /ig)  were  run  on  12*  SDS-PAGK,  iransfened  lo  a  nitn»ceIlulosc 
nKiiibnin$«  and  slainoJ  with  rabtnl  and-mJr<*7/U>-24  anilbody  as  described  in 
“Materials  and  Methods,"  D.  effect  of  ERK 1/2  inhibiloc  on  /n^o*7/lL*24*iaduced 
kiliiog  in  prostate  cancer  ceil  tines.  Top  imiuL  cells  were  incubated  In  the  absence 
or  presence  of  PD98059  (10  wm)  after  infection  with  (00  pfii/celi  of  Ad.m*, 
Ad.SP  or  Adrni4i-7.  Cell  viability  was  detennined  by  MTT  assay  6  days 

after  iofectun,  hflT  absorbance  of  untreated  ennered  cells  was  set  at  1  to  determiiK 
rehuiV'c  number  uf  viublc  cells.  Results  shown  are  an  average  of  three  independnti 
experisnents;  borj.  tSD  ERKl/2  induction  after  mda-7  expression  in  prostate 
cancer  cel]  lines.  Boncin  panel  activation  of  (lie  ERK 1/2  pathway  was  determined 
by  Western  blotting  using  phospho-specl^c  andhody  24  h  after  infection  with  IOC 
pfuAiell  of  (he  lU/TereoI  viruses,  pfi*.  plaque*fbnrung  unit:  lU  interleukin;  U<K, 
extracdlular  dgrul-re|ulaied  kinase. 


Ad,SP-mda-7  (OU-145)  Ad,SP-rraJa-7  (P69) 


DU145  tm 


pHRKl/2 

K^mK 


growth  in  monolayer  culture  (Fig.  2A.  hoiiorn  panel),  thereby  con-  Only  Ihe  Secreted  Form  of  mrffl-7/lL-24  Displays  "Bystander” 
firming  lhat  invasiveness  was  nol  inhibited  because  of  loss  of  cell  Antitumor  Activity.  Earlier  studies  in  pancreatic  cancer  cells  indicated 
viability,  niese  results  show  that  both  constructs  inhibit  invasion  with  that  MDA-7/II^24  protein  possessed  a  potent  bystander  killing  activity 
equivalent  potency,  providing  yet  another  illustration  of  similar  bio-  that  exerted  growth  suppressive  and  apoptotic  effects  on  nnnu^nsduced 
logical  activity  of  these  molecules.  neighboring  tumor  cells  (23.  24).  To  determine  Ihe  extent  of  bystander 
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2,  Cumpdrative  mechanism  of  mda~ll{L~2A  action  after  infection  of  various  cell 

li  nes  with  Ad,  ^c,  and  Ad  SP  mdu-T.  A.  ffuftf-7/lL-24  inhibits  C8 1 6 1  Mairigcl 

inva&iveness  without  altcnngCS  161  viabiliiy.  C8161  ccib  were  infected  with  lUOpfu/cell 
of  Ad.vec.  Adun^j*?,  or  Ad.5P  mJa  •?.  After  24  h.  I  X  KT  celU  were  allowed  to  invade 
for  48  h  through  Eran»wel]  inaens  (8*;im  pores)  coaled  with  Mairigel.  The  celh  thal 
invaded  through  the  Matrigel-coated  inserb  were  stained,  counted,  and  photographed 
under  a  light  microscope  A  X20  magnitication.  Cells  viability  wat:  determined  by  (he 
3*(4,5-diTnelhyl(h)a2ol*2*yl>>2.5*diphenyltetra2oliiim  brrimide  assay  In  parallel  to  ascer* 
tain  whether  the  inhibitim  of  invasion  was  associated  with  a  decrease  in  growth  or 
viability  of  infected  C816I  ceU$,  bon>.  d:SD.  Direct  cell  counts  were  perfixmed  on  all 
surviving,  attached  cells  in  the  lower  chamber  to  quantitate  (he  relative  efficiency  of 
invasiveness.  B.  "bystandei"  suppression  of  aachorage*independer>t  growth  of  DU- 145 
cells  after  adenovirvx  infection  of  PW  cells,  P69  cells  were  seeded  at  2  x  10^/6<m  pbte. 
infected  24  h  later  with  25  plWceli  of  Ad.vec,  Ad.nu/o-?,  or  Ad.SP  mda-7  and  overlaid 
with  I  X  10^  DU- 145  ceBa  suspended  b  0.4%  agar.  Fourteen  days  later,  with  agar 
medium  feeding  every  4  days,  the  number  of  anchorage-independent  DU- 145  colonies  22 
nun  was  enumerated  micrcscopicaJly.  Average  number  of  colonies  iSD  from  triplicate 
plates.  Qualitatively  similar  rtsulb  were  obtained  in  two  additional  studies  pfv.  plaque- 
fonning  unit;  //_  Interleukla. 


acijviiy,  tf  any,  by  the  nonsecreied  mutant  form  of  the  protein  versus  the 
secreted  form  of  MDA-7/IL-24,  a  dual  cell  culture  agar  overiay  approach 
was  used.  For  this  protocol.  P69  cells  that  are  resistant  to  killing  by 
MDA-7/IL-24.  although  serving  as  a  source  of  production  of  this  cyto¬ 
kine.  were  infected  with  the  different  viruses  followed  by  overiaying  with 
agar  containing  susceptible  DU-145  cells  (Fig.  2B).  Using  this  sinuegy, 
infection  of  P&9  cells  with  Airnda-l  (25  pfu/cell)  resulted  in  a  reducliOT 
in  both  the  number  and  size  of  DU-145  colonics  growing  in  agar.  In 
conoast,  infection  of  P69  cells  with  Ad.SP  mda-1  did  not  indtice  a 
significant  alteration  in  DU-145  anchorage  independence  nor  did  it  de¬ 


crease  the  size  of  colonies  growing  in  the  agar  overlay  as  compared  with 
cells  infected  with  Ad.vec.  These  studies  provide  direct  support  for  a  role 
of  secreted  MDA-7/IL-24  in  mediating  a  "bystander’'  cancer  growth- 
inhibitwy  effecL 

I.ucali/aliun  of  MDA-7/IL-24  tu  KR/Colgi  Cumparlments.  In 
view  of  comparable  apoptotic  induction  obtained  with  Ad.SP  mda-1 
versus  M.mda-1,  it  was  important  to  determine  the  location  of  the 
signal  peptide-deleted  MDA-7/IL-24  protein.  Therefore,  comparative 
subceliular  localization  of  MDA-7/IL-24  protein  was  analyzed  in 
DU-145  and  P69  cells  after  infection  with  the  Ad.SP  >nda-7  and 
Adjnda-7  viruses.  In  these  experiments,  immunofluorescence  detec¬ 
tion  was  standardized  at  different  time  points  to  determine  whether 
postinfection  time-dependent  changes  in  localization  (xicuned.  We 
also  tried  to  avoid  potentially  misleading  changes  in  localization  that 
might  occur  as  a  result  of  the  loss  of  internal  membrane  integrity 
because  of  apoptotic  events  induced  by  mda-lllL-TA.  Comparison  of 
the  immunofluorescence  data  using  different  batches  of  viruses,  cells 
and  secondary  antibodies  performed  at  independent  times,  yielded 
similar  reproducible  patterns  of  staining  with  both  vimses;  represent¬ 
ative  data  are  presented  for  DU-i45  in  Fig.  3.  Similar  localization 
results  were  seen  with  P69  cells  (data  not  shown).  MDA-7/IL-24 
protein  was  detected  only  in  extra-nuclear  regions  of  individual  cells. 
Although  there  was  a  light  background  cytoplasmic  staining,  protein 
location  primarily  overlapped  that  of  the  ER  stained  with  anticalreti- 
culin  (Fig.  3).  The  colocalization  of  MDA-7/1L-24  in  Golgi  apparatus 
was  also  delected  via  coiocalizMion  with  finii-GM130  staining  (Ref. 
23;  Fig.  3).  However,  no  co-localization  of  MDA-7/1L-24  in  mito¬ 
chondria  labeled  with  MitoTracker  red  occurred  (Ref.  26;  Fig.  3) 
confirming  staining  specificity. 

Discussion 

On  the  basis  of  a  number  of  factors,  including  its  abilities  to 
selectively  induce  apoptosis  in  a  large  spectrum  of  human  cancer- 
derived  cell  lines  without  harming  normal  cells  (reviewed  in  Ref.  6). 
inhibitory  effects  on  the  growth  of  human  cancer  cell  xenografts  in 
nude  mice  (23,  27),  and  mo.sl  importantly  its  capacity  to  induce  tumor 
regression  after  intratumoral  injection  in  human  tumors  in  currently 
ongoing  clinical  irial.s  (28,  29).  the  likeiihtxxl  of  md<j-7/IL-24  becom¬ 
ing  a  mainstream  cancer  gene  therapeutic  appears  highly  probable  (6. 
30).  Consequently,  considerable  interest  now  exists  in  elucidating  the 
mechanism  by  which  mda-7/IL-24  distinguishes  between  normal  and 
transformed  cells.  Just  how  mda-lllh-li  induces  this  selective  effect 
is  clearly  very  complex,  as  underscored  by  experiments  described  in 
this  manuscript  and  elsewhere  (12)  showing  that  the  molecule  can 
function  independently  of  JAK/STAT  signal  transduction  pathways 
that  are  classically  involved  in  cytokine-mediated  activities.  We  have 
additionally  demonstrated  by  sensitive  reverse  transcription-PCR 
methodology  that  apoptosis  can  be  induced  in  tumor  cells  not  express¬ 
ing  delectable  levels  of  1L-20/IL-22  receptors  that  bind  to  MDA-7/ 
lL-24  (12). 

The  next  logical  step  in  pursuing  our  initial  findings  of  JAK/STAT 
independence  and  potential  lack  of  requirement  of  receptor  binding 
for  the  antitransformed  cell  activity  of  mda-lHL-TA  (12)  was  to 
determine  whether  the  apoptotic  effect  could  be  triggered  by  intracel¬ 
lular  fractions  (possibly  by  receptor-independent  mechanisms)  or  if 
extracellular  MDA-7/IL-24  protein  (receptor  mediated)  was  manda¬ 
tory  for  activity.  To  achieve  this  objective,  an  adenovirus  vector  was 
constructed  that  expresses  a  nonsecreted  version  of  MDA-7/IL-24 
protein  by  deleting  the  48  amino  acid  signal  peptide,  and  the  extent  of 
killing,  signal  transduction  pMhway  activation,  intracellular  localiza¬ 
tion,  invasiveness,  and  bystander  growth-inhibitory  activity  was  com¬ 
pared  with  the  full-length  mda-1  f\L-24.  Although  most  of  the  analyses 
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Ad.SP-mda-7 


Ad.mda-? 


Rg.  3.  I^altzaiion  of  the  MDA-1  prolein  after  iafeciion  with  Ad.SP  wrfn-7.  or 
M.miio-1.  MDA-7  protein  local  izaiion  wa?  analyzed  by  indirect  imreunonuc^escence 
after  iafeciion  of  DU-145  or  P69  cells  wiih  100  pfu/cell  trf  AiI.SP  fnrfn-7,  Ad^/n-7,  or 
Advec,  and  48  h  posiinfectiim  cells  were  fiAcil.  and  MDA  *7/11-24  pwiein  was  deWcied 
by  indirect  immuni>nuore&ccnce  using  and-Mv/a-7/IL-24  antibody.  Images  of  Golgi.  ER. 
and  miiochondria  were  ohiamed  using  anti-GI30,  aoticalreticulin,  and  MiioTracker. 
re^KcUvely,  as  descnbed  in  '*Maierials  unJ  Melbods.”  Images  of  the  differeni  compan- 
inents  and  //iJt;-7/lL-24  were  merged.  Sirailar  localtTction  of  MDA-7/1L-24  protein  was 
observed  after  infection  with  the  different  viruses  io  P69  cells  (dam  noc  shown).  lU 
interleukin:  KR.  emic'plasmic  RTiculum. 

were  performed  in  human  pros laie  cell  lines,  additional  studies^  using 
a  speclnim  of  cancer  and  normal  cell  lines,  suggest  that  these  obser¬ 
vations  are  equally  applicable  to  other  human  cancers. 

The  results  presented  here  provide  several  independent  lines  of 
evidence  indicating  that  the  effect  of  Ad.SP  indtj-T  and  Ad.mdfl-7 
infection  is  similar  with  respect  to  transformed  cell  apoptosis  induc¬ 
tion.  In  particular,  treatment  of  susceptible  prostate  cancer  cell  lines 
with  M.mda-1  as  well  as  Ad.SP  ~mda-l  induces  killing  to  a  compa¬ 
rable  extent  through  ERKl/2-dependen!  and  JAK/STAT-independent 


pathways-  The  fact  that  both  secreted  and  nonsecreted  forms  of 
MDA-7/1L-24  protein  have  comparable  apoptosis-inducing  activity 
was  unanticipated,  adding  a  further  level  of  complexity  In  understand¬ 
ing  how  this  novel  molecule  works.  Localization  of  full-length  MDA- 
7/IL-2d  prolein  in  the  ER/Oolgi  comparlmeDis  is  consistent  with  the 
signal  peptide  hypothesis  (31)  and  the  currently  known  and  predicted 
secreted  cytokine  nature  of  the  protein  (6,  10).  Because  the  signal- 
peptideless  mutant  MDA-7/IL-24  protein  does  not  aintain  an  export 
signal,  it  is  predicted  to  remain  in  Ihe  cytosol.  We  have,  however, 
confirmed  through  confocal  immunofluorescence  studies  that  a  sig¬ 
nificant  fraction  of  this  protein  is  able  to  enter  the  ER  and  Golgi 
apparatus  and  that  proteins  derived  from  wild-type  and  mutant  virus 
appear  to  have  overlapping  patterns  of  localization  within  the  cell.  It 
Is  not  passible  to  rule  out  cryptic  internalization  signals  that  become 
active  in  the  absence  of  the  actual  signal  peptide,  identity  of  these 
cryptic  sites  being  currently  unknown.  Western  blot  analyses  per¬ 
formed  on  protein-derived  cytosolic  and  extracellular  fractions  of 
cells  infected  with  both  viruses  indicate  that  only  full-length  MDA- 
7/IL-24  is  processed  and  secreted-  It  is  also  possible  that  adenovirus 
infection  produces  relatively  large  amounts  of  protein  that  even  in  the 
absence  of  a  specific  targeting  sequence  posse-sses  the  ability  to  cross 
membranes  and  accumulate  in  ER/Golgi  because  of  charge  and/or 
tertiwy  structure.  However,  because  localization  of  MDA-7/1L-24  is 
similar  in  both  normal  (P69;  data  not  shown)  and  cancer  (DU-143; 
Fig.  3)  cells,  differences  in  cellular  localization  of  this  protein  can  be 
excluded  as  a  direct  mechanism  underlying  the  differential  apoptosis- 
inducing  activity  of  MDA-7/rL-24  toward  cancer  cells. 

From  the  mechanisiic,  apoptosis-induction  standpoint,  programmed 
cell  death  pathways  are  activated  by  a  diverse  array  of  cell  extrinsic  and 
intrinsic  signals,  most  of  which  are  ulliraaiely  coupled  to  an  obligatory 
signal  propagiUion  event  mediated  through  miiochondria.  In  Ihe  context 
of  localization  of  MDA-7/IL-24  lo  the  ER/Oolgi.  emerging  evidence 
suggests  that  the  ER  also  regulates  apoptosis  both  by  sensitizing  mito¬ 
chondria  to  a  variety  of  exiriasic  and  intrinsic  death  stimuli  and  by 
initiating  cell  death  signals  of  its  own  (32,  33).  The  observations  pre¬ 
sented  here,  raise  the  question,  based  on  its  apparent  pnipensily  for  ER 
localiz-ation,  whether  MDA-7/IL-24  protein  induces  a  recently  recog¬ 
nized  phenomenon  of  “ER-sires,s''  that  in  turn  induces  proapoplolic 
events  (32,  33).  Earlier  finding.s  from  our  group  support  this  hypothesis 
because  induction  of  the  GADD  genes  is  classically  associated  with  the 
stress  response  including  ER-stiess  pathways.  Induction  of  GADD  genes 
and  further  up-stream  events  such  as  activation  of  p38  milogen-aclivated 
protein  kinase  was  shown  lo  be  induced  in  a  transformed  cell-.specific 
manner  after  Ai.mda-1  infection  (34).  In  addition,  we  show  in  the  present 
report  that  both  viruses  only  in  the  context  of  transformed  cells  also 
specifically  activate  the  p44/42  mitogen-activated  prolein  kinase  path¬ 
way.  Furthermore,  Ad.m<ij-7  infection  produced  an  up-regulation  in 
inositol  1,4,.3-trisphosphate  receptor  in  Hl299  cells  (35).  Inositol  1,4^- 
trisphosphate  receptor  is  an  intracellular  calcium-release  channel  impli¬ 
cated  in  apoptosi.s  and  localized  in  Ihe  ER.  Whereas  further  investigations 
lo  determine  the  mechanism  of  .specificity  of  MDA-7/IL-24'lriggcrcd 
ER-stress  are  clearly  needed,  this  report  for  ihe  first  time  identifies  the 
existence  of  a  cellular  ER-sne.ss  mechanism  that  can  be  differentially 
activated  in  transformed  cells  by  MDA-7/IL-24  and  pos.sibly  other 
agents.  This  finding  uncovers  a  new  intracellular  locus  that  may  prove 
amenable  for  potential  cancer  therapeutic  largeiing. 

Taken  together,  our  results  indicate  that  n!dti-7/IL-24-mediated 
apoptosis  can  be  triggered  through  intracellular  localization  a.s  well  as 
via  secretion,  and  in  contexts  where  both  are  present,  a  combinatorial 
effect  is  probable.  Our  results,  outlined  in  a  model  (Fig.  4),  clearly 
reveal  that  nonsecreted  intracellular  MDA-7/IL-24  is  also  active  in 
inducing  transformed  cell-specific  apoptosis,  probably  through  mech¬ 
anisms  mediated  by  the  signaling  pathways  Iran.sduced  through  the 
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Pig.  4.  Model  illustruteg  (he  pos&ibk  njolccular  irulu*7/1L-24  cancer  cell* 

mcduited  apoptosis.  The  effects  of  known  physiological  and  ectopic  overexpressiun  of 

ni(iq-7/IL-24  air  »hown  on  Itfi  and  ri^Ar  sidei  of  iht  figure,  respectively.  Normally, 
binds  to  cognate  receptors  and  activates  ST  AT- 1  and  *3  transcription  factors 
to  mediate  pathways  affecting  cell  grovpih  Because  rn«/o-7/IL-24  mRNA  and  pn>tein  are 
numully  seen  in  subpopulations  of  immune  cells  and  melanocytes,  effects  are  likely 
initiated  In  these  cell  types  but  might  also  affect  neighboring  nonproducing  celts  beaiu.se 
the  protein  is  secreted.  When  oonnally  or  eclopcally  overexpressed,  current  findings  in 
this  repurl  indicate  localizaDoo  to  the  ER/Golgi  compartmenit,  whedur  Of  noi  the  protein 
contains  a  sei^iory  signal.  Accumulation  of  MDA-7/IL  24  pruteio  id  this  comparrmeni 
triggers  apoptosis  that  could  apparently  involve  induction  of  pathways  described  currently 
as  ER-.sire$s,  However,  MDA-7/IL-24  addidoaally  acts  Indirectly  on  miiochc^idria  to 
generate  reactive  oxygen  species.  A  comhinaiion  of  pathways  triggered  by  tndo-lf\L-14 
results  in  traiuhirmcd  cell-speciHc  apoptosis.  IL,  Interleukin;  EK,  endoplasmic  reticulum; 
STA7,  signal  transducers  ard  activators  of  transcription;  ROS.  reactive  oxygen  species. 


ER  and  Golgi  compartmenis.  These  newer  findings  are  provocative, 
although  enigmatic,  and  indicate  that  much  still  remains  to  be  learned 
about  the  mechanism  of  action  of  mtfa- 7/IL-24,  both  in  relation  to  its 
cancer-selective  killing  properties  and  to  its  potential  immune  mod¬ 
ulatory  functions  (6,  30).  However.  ba.sed  on  the  initial  successes  of 
this  cytokine  in  phase  1/11  clinical  studies  in  solid  cancel  and  mela¬ 
nomas  (28),  this  effort  is  certainly  jusHfled  and  holds  pmmise  for 
developing  ways  of  enhancing  the  clinical  utility  of  this  novel  cancer- 
gene  therapeutic  in  treating  diverse  human  neoplasms  (6,  36). 
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Mechanistic  aspects  of  mda-7 llL-24  cancer  cell  selectivity  analysed  via 
a  bacterial  fusion  protein 
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The  human  mda-7l\L-7A  gene  product  is  nonnally 
expressed  in  melanocytes  and  certain  lymphocyte  popula¬ 
tions.  Loss  of  expression,  a  distinctive  feature  of  many 
tumor  suppressor  genes,  has  been  documented  at  RNA  and 
protein  levels  in  association  with  melanoma  progression 
both  in  vitro  as  wcU  as  in  human  tumor-derived  material. 
The  IVIDA-7/IL-24  protein  undergoes  post-translational 
processing,  including  removal  of  an  amino-terminal  48- 
rcsidue  signal  peptide  and  extensive  glycosylalion  prior  to 
its  secretion  by  producing  cells.  Its  inherent  cytokine 
properties  have  been  documented  in  multiple  reports,  which 
have  identified  and  characterized  its  cognate  receptors  and 
activation  of  the  JAK/STAT  .signaling  pathway  following 
ligand/receptor  docking.  A  notable  and  incompletely 
understood  property  of  MDA-7/IL-24  is  its  ability  to 
induce  apoptosis  in  transformed  cells,  while  having 
marginal  growth  suppressive  effects  on  normal  primary 
or  immortalized  ceU  lines.  MDA-7/Il,;-24  has  been 
delivered  to  cells,  tumor  xenografts  and  patients  in  clinical 
trials  via  a  nonreplicating  adenovirus  (Ad./ntfo-T).  Studies 
utilizing  eukaryotically  expres.sed  and  purified  MDA-7/ 
IL-24  protein  from  several  sources  have  recapitulated  some 
of  the  molecule’s  reported  properties  including  receptor 
binding  and  JAK/STAT  activation.  Here,  we  report  the 
properties  and  characteristics  of  a  bacterially  expressed 
and  purified  GST-MDA-7  fusion  protein.  These  studies 
reveal  that  GST-MDA-7  retains  its  cancer-selective 
apoptosis-inducing  properties,  thereby  providing  a  new 
reagent  that  will  assist  in  defining  the  mechanism  of  action 
of  this  novel  cytokine.  In  addition,  retention  of  tumor- 
specific  activity  of  GST-MDA-7  suggests  that  this  protein 
may  also  have  therapeutic  appUcafinns. 
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Intniductiiin 

mdfl-7/IL-24  displays  all  the  characteri.stics  of  a  typical 
cytokine  including  secretion,  receptor  binding,  activa¬ 
tion  of  JAK/STAT  signaling  and  modulation  of  growth 
characteristics  of  responsive  cells  (Huang  ei  al..  200!; 
Caudeli  et  al.,  2002;  Sauane  el  al..  2003b).  This  molecule 
was  initially  discovered  using  a  differential  gene  expres¬ 
sion  subtraction  screening  strategy  to  identify  and  clone 
genes  upregulated  during  melanoma  cell  differentiation 
(Jiang  and  Fisher,  1993;  Jiang  et  al..  1995).  Owing  to  no 
obvious  homology  to  sequences  in  public  databases,  it 
was  initially  not  apparent  that  mda-7  was  a  cytokine- 
related  molecule.  Currently,  in  addition  to  biochemical 
data  demonstrating  secretion  and  cytokine  properties, 
location  of  mda-7llh-14  in  an  IL-10  family-related 
genomic  cluster  on  human  chromosome  Iq22/lq23  has 
emphasized  its  actual  functional  identity  (Blumberg 
et  al.,  2001;  Huang  ef  al..  2001).  Thus,  the  recently 
recognized  IL-10  family  comprises  six  members  includ¬ 
ing  IL-10,  IL-19,  IL-20.  IL-22,  mda-7/IL-24  and  IL-26 
(Gallagher  et  al..  2000;  Blumberg  et  al..  2001;  Pestka 
el  al..  2004),  none  of  which  share  significant  homology 
at  the  primary  amino-acid  level,  but  which  clearly 
possess  functional  and  structural  conservation  justifying 
their  .subclassification  as  a  distinct  cytokine  subfamily. 
Recent  work  has  focused  on  determining  tlie  actual 
physiological  roles  of  each  molecule  and  the  extent  of 
their  functional  overlap  or  distinctiveness  (Caudeli  ei  al., 
2002;  Fickenscher  et  al.,  2002;  Kisseleva  et  al.,  2002; 
Kotenko,  2002;  Parrish-Novak  cf  al.,  2002;  Sarkar  et  al., 
2002a:  Pestka  et  al..  2003,  2004;  Sauane  et  al.  2003b). 

A  unique  property  ofw!Ja-7/lL-24  is  its  ability  to  induce 
apoptosis  specifically  in  transformed  cells  while  having  no 
apparent  harmful  effect  on  normal  counterparts,  including 
nommi  human  tissues  in  in  vivo  clinical  trial  contexts 
(Jiang  el  al.,  1996a;  Su  ei  al..  1998;  Madireddi  et  al..  2000: 
Saeki  el  al..  2000;  Chada  et  al..  2001;  Huang  el  a/..  2001: 
Lebedeva  et  al..  2002;  Sarkar  el  al.,  2{l02b;  Fisher  et  al.. 
2003;  Nemunitais,  2003).  This  unique  property  is  under 
intense  scrutiny  from  the  viewpoint  of  mechanism  of 
tumor  cell  specificity  to  more  effectively  translate  mda-7j 
IL-24  from  the  laboratory  into  the  clinic  as  a  cancer  gene 
therapeutic  (Chada  et  at..  2001;  Fisher  ei  al..  2003: 
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Nemunitais.  2003).  Various  reagents  have  been  raised  to 
address  the  functional  activity  and  transformed  cell- 
specificity  of /7t<4z-7/IL-24  including  an  adenovirus  (Jiang 
('/  al.,  1996b)  used  in  clinical  trails  as  well  as  plasmid 
expression  vectors  (Jiang  et  al..  1995,  1996b),  antibodies 
and  various  forms  of  purified  protein  utilized  in  the 
laboratory  (Caudell  el  al.,  2002;  Parrish-Novak  el  al.. 
2002;  Ramesh  e!  al..  2003;  Yacoub  el  al..  2003a,  2004). 

Schislo.wma  japonkum  derived  Glutathione-S-trans- 
ferase  (GST)-tagged  fusion  proteins  have  several  favor¬ 
able  attributes  that  facilitate  protein  expression  and 
purification  that  are  not  achievable  for  proteins 
expressed  in  untagged  native  form  (Smith  and  Johnson. 
1988;  Zhan  e!  al..  2001).  Fusions  can  be  easily  expressed 
in  the  Escherichia  coli  system  with  high  yield  and  thi.s 
approach  has  been  effective  for  a  wide  range  of 
biologically  active  peptides  or  proteins,  without  disrupt¬ 
ing  their  native  activity  (Zhan  el  al..  2001).  Recent  data 
indicate  that  GST  has  high  transduction  efficiency  in 
various  cell  types  and  can  be  used  successfully  for 
intracellular  delivery  of  biologically  active  peptides 
(Namiki  el  al..  2003).  A  GST-MDA-7  fusion  protein 
was  expressed  and  purified  from  a  bacterial  expression 
system  to  generate  antigen  for  producing  antibodies 
recognizing  MDA-7/IL-24  protein.  In  the  course  of 
these  experiments,  analysis  was  also  performed  to 
determine  if  this  purified  protein  had  biological  activity. 
These  studies  which  are  described  in  the  following 
sections,  contrasts  with  reports  of  activity  of  purified 
MDA-7/IL-24  protein  expressed  and  purified  by  three 
independent  groups  using  other  expression  systems 
(Caudell  et  al..  2002;  Parrish-Novak  el  al..  2002; 
Ramesh  el  al..  2003).  Our  results  confirm  that  signaling 
events  leading  to  susceptibility  to  GST-MDA-7-induced 
apoptosis  are  p38MAPK -dependent  in  transformed  cell- 
specific  killing.  Data  reported  here  indicate  that  GST- 
MDA-7  is  taken  up  by  cells  and  can  internalize. 
Moreover,  all  pancreatic  cancer  cells  tested  with  GST- 
MDA-7  protein  are  directly  susceptible  to  killing, 
whereas  these  cells  display  resistance  to  killing  following 
infection  by  Ad.mclu-7  (Su  ei  al.,  2001).  In  these 
contexts,  the  GST-MDA-7  fusion  protein  provides  a 
valuable  reagent  for  analysing  the  molecular  basis  of 
cancer-sr>ecitic  apoptosis-inducing  properties  of  this 
novel  molecule,  which  previously  was  a  property 
restricted  to  delivery  by  adenoviral  expression  vectors. 
In  addition,  the  ability  of  GST-MDA-7  to  induce  cancer 
cell  killing  in  specific  cancer  cells,  whereas  adenovirus 
mediated  mt/a-7/IL-24  does  not  induce  this  property, 
offers  potential  to  increase  the  therapeutic  efficacy  of 
this  intriguing  clinically  relevant  cytokine. 


Results 

GST-MDA-7  fusion  protein  display.s  cancer  cell-killing 
specificity  and  is  able  to  disiinijuish  between  transformed 
and  normal  cells 

The  immortalized  prostate  epithelial  cell  line  P69  and  the 
prostate  tumor  cell  line  DU-145  were  treated  under 


identical  conditions  to  determine  the  effect  and  specifi¬ 
city  of  GST-MDA-7  protein.  After  determining  the 
appropriate  range  of  protein  needed  for  activity  (data 
not  shown),  cells  were  treated  with  a  predetermined 
optimum  protein  concentration  (50ng//il)  and  observed 
daily  until  cytotoxicity  was  apparent,  which  occurred 
between  48  and  72  h  post-treatment  compared  to  cells 
treated  with  unfused  control  GST  protein  (Figure  la). 
Minimal  or  no  cytotoxicity  was  observed  in  CJST  treated 
normal-  or  tumor-derived  cells.  In  comparison,  signifi¬ 
cant  cell  killing  was  evident  in  the  human  prostate  cancer 
ceU  line,  DU-145,  after  treatment  with  GST-MDA-7 
protein,  which  had  little  effect  on  resistant  P69  cells. 
From  these  results,  it  appears  that  the  bacterially  derived 
protein  has  comparable  properties,  in  terms  of  cancer 
cell-specificity,  to  protein  derived  from  Ad.inda-7. 

To  confirm  that  the  observed  cell  killing,  following 
treatment  with  GST-MDA-7  resulted  from  induction  of 
apoptosis,  FACS  analysis  was  performed  on  susceptible 
DU-145  prostate  cancer  and  resistant  P69  cells.  Cells 
were  treated  in  parallel  with  GST  and  GST-MDA-7 
protein  at  50ng/pl  after  plating  at  2  x  !0^cells/6-cm  dish 
utilizing  one  plate  for  each  time  point.  Samples  were 
withdrawn  at  various  time  points  and  fixed  in  80% 
ethanol  after  trypsinization.  Cells  were  stained  with 
propidium  iodide  and  FACS  analysis  was  performed  to 
determine  the  proportion  of  apoptolic  cells  in  the 
population  as  a  function  of  time  (Figure  lb  and  c). 
Treatment  of  P69  cells  up  to  96  h  with  OST-MDA-7 
gave  a  similar  FACS  profile  as  untreated  or  GST  control 
treated  cells  (Figure  lb),  while  DU-145  treated  cells 
showed  a  50%  population  at  96  h  compared  to  less 
than  21%  for  untreated  and  GST-trealed  populations 
(Figure  Ic).  The  extent  of  cell  killing  is  likely  under¬ 
estimated  since  a  certain  proportion  of  cells  were  highly 
fragmented  or  lysed  following  GST-MDA-7  treatment 
and  could  not  be  analysed  by  FACS.  A  certain 
proportion  of  dead  cells  were  observed  in  the  untreated 
and  GST-treated  samples  at  later  time  points  due  to 
confluence  and  cell  overgrowth.  Tliese  data  indicated 
that  susceptible  cells  treated  with  GST-MDA-7  undergo 
apoptotic  death. 

Annexin  V  staining  was  performed  on  susceptible 
prostate  cancer  cell  lines  and  resistant  normal  immortal 
P69  ceQs.  Annexin  V  .staining  confirmed  increases  in 
early  apoptotic  cells  (24  h)  as  a  function  of  GST-MDA-7 
treatment  in  PC-3.  DU-145  and  LNCaP  cells 
(Figure  Id).  In  contrast,  no  significant  change  in  early 
apoptotic  cells  was  apparent  in  P69  cells  using  the  same 
experimental  protocol. 

GST-MDA-7  induces  apoptosis  in  muUmt  cell  lines 
defective  in  the  JAKISTAT pathway 

We  inve.stigated  the  specific  requirements  of  the  JAK/ 
STAT  pathway  in  GST-MDA-7-mediated  killing  by 
employing  cell  lines  functionally  deficient  for  JAK/ 
STAT.  These  included  a  human  fibrosarcoma  cell  line  2f 
TGH  (parental)  and  corresponding  mutant  cell  lines 
derived  from  it.  including  UlA  (lacking  Tyk2),  U.3A 
(IFN-unresponsive.  lacking  STATi).  and  U4A  (lacking 
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Figure  I  Comparative  growth-inhibition  and  apoptosis-induclion  in  human  proslate  cells  Ireated  with  GST  or  GST-MDA-7.  (a|  Growth 
inhibilion  in  prostate  cell  lines:  Cells  were  treated  with  GST  or  OST-MDA-?  (50ng/(il)  and  cell  viability  was  determined  by  the  MTT 
proliferation  assay  5-days  later.  Numbers  represent  a  ratio  of  specific  treatments  indicated  versus  untreated  cells.  An  average  of  three 
independent  experiments  is  shown±s.d.  (b.  c)  Apoptosis  induction  in  prostate  cancer  cells:  cells  were  treated  as  described  in  Materials  and 
methods  and  the  percentage  of  cells  in  the  /4o(hypodiploid)  fraction  (Ml  bars)  was  determined  for  (b)  P69  cells  for  24  and  96  h  and  for  (e)  DU- 
145  cells  for  24. 40,  72  and  96  h.  Fixation  was  followed  by  staining  with  Pi  and  quantitating  by  FACS  analysis  using  CellQuest  software  (Becton 
Dickinson)  as  described  in  Maleriais  and  methods,  (d)  Annexin  V  binding  assay.  The  indicate  cell  types  were  Ireated  with  GST  or  GST-MDA- 
7  (50  ng,//rl),  stained  with  FITC  labeled  Annexin  V  and  Pi  and  immediately  analysed  by  flow  cytometry.  The  percentage  of  early  apoptotic  cells 
was  calculated  using  CellQuesl  software  (Becton  Dickinson.  San  Jose.  CA.  USA) 


JAKl).  The  human  prostate  cancer  cell  PC-3,  that  does 
not  express  STAT3  (Spiolto  and  Chung,  2000)  was  used 
to  complete  the  known  spectrum  of  mda-7jIL-24- 
mediated  pathway  components.  These  cel!  lines  were 
treated  with  GST-MDA-7  and  viability  was  analysed  by 
using  an  MTT  cell  proliferation  assay.  In  addition,  two 
inhibitors  of  tyrosine  kinases,  Genistein  and  tyrphostin 
AG18  as  well  as  the  JAK -selective  inhibitor.  AG490. 
were  utilized  (Sauane  et  at.,  2003a).  All  of  these  cel!  lines 
were  susceptible  to  GST-MDA-7  (Figure  2a.  compare 
GST  to  GST-MDA-7).  These  data  provide  an  indepen¬ 
dent  means  of  confirmation  that  the  activation  of  JAK/ 
STAT  induced  by  mila-7jlL^24  can  be  separated  from 
cell  apoptosis  induced  after  GST-MDA-7  treatment, 
since  the  cells  tested  have  inactivating  mutations  in 
JAK/STAT  signaling  components.  DU-145  cells  were 
also  treated  with  GST-MDA-7  protein  during  different 
periods  of  time  and  analysed  for  activation  of  the  JAK/ 
STAT  pathway  by  determining  the  extent  of  STAT3 
phosphorylation.  As  evident  in  Figure  2b,  treatment 


with  purified  GST-MDA-7  protein  does  not  induce 
phosphorylation  of  STAT3.  whereas  treatment  with 
fibroblast  interferon  (lOOOU/ml)  induces  a  temporal 
induction  of  STAT3  phosphorylation. 

Cytotoxicity  of  bacteria!  GST-MDA-7  protein  is  inhibited 
by  treatment  of  cells  with  the  p38MAPK  inhibitor 
SB203580 

As  previously  reported,  inhibition  of  the  p38MAPK 
pathway  by  pharmacological  inhibitors  or  dominant¬ 
negative  adenovirus  blocked  the  ability  of  A<i.mda-7  to 
kill  different  cancer  cell  types,  including  PC-3  (Sarkar 
el  al.,  2002b).  PC-3  human  prostate  cancer-derived  cells 
were  incubated  in  the  absence  or  presence  of  SB203580 
(2;tM),  24  h  before  treatment  with  GST  or  GST-MDA-7 
protein  and  the  extent  of  cytotoxicity  was  determined 
(Figure  3a  and  b).  Under  these  experimental  conditions, 
a  significant  inhibition  of  GST-MDA-7-induced  killing 
of  PC-3  prostate  cancer  cells  was  obtained  following 
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SB203580  treatment.  These  results  indicate  that  GST- 
MDA-7  protein  most  probably  acts  in  a  comparable 
manner  as  Ad.mda-7  by  activating  the  p38MAPK 
pathway  as  one  of  the  potential  pathways  by  which 
transformed  cell-specific  apoptosis  is  induced. 

GST-MDA-7  protein  is  able  to  kilt  human  pancreatic 
cancer  cells  in  the  absence  of  ablation  of  Ras  signaling 
by  antisense  K-Ros 

We  previously  reported  that  human  pancreatic  cancer- 
derived  cell  line.s  are  not  susceptible  to  direct  killing  by 


Ad.mda-7  (lOOPFU/cell)  (Su  ei  al.,  2001).  We  further 
showed  that  lack  of  killing  was  due  to  absence  or  very 
low  amount  of  MDA-7/IL-24  protein  expression. 
Treatment  of  resistant  cells  with  a  combination  of 
antisense  K-ras  (phosphothiorate  oligonucleotides  or  a 
plasmid  expressing  this  AS  molecule)  and  Ad.mda-7 
vector  caused  killing  which  correlated  with  reappear¬ 
ance  of  MDA-7  protein.  We  presently  demonstrate  that 
treatment  of  these  resistant  cells  with  purified  GST- 
MDA-7  protein  is  able  to  induce  cell  death  directly, 
strengthening  the  hypothesis  that  a  translational  block 
might  be  operational  in  these  and  additional  MDA-7/ 
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Figure  2  Apoptosis  induction  by  GST-MDA-7  in  JAK/STAT-deficienl  human  fibrosarcoma  cell  lines:  (a)  the  indicated  ceil  types 
were  treated  wilh  GST  or  GST-MDA-7  protein.  Cells  were  analysed  for  cell  viability  by  MTT  assay  5-days  later.  MTf  absorbance  of 
untreated  control  cells  was  set  at  I  to  determine  relative  number  of  viable  cells.  Results  are  the  average  of  three  independent 
cxperiments±s.d.  (b)  STAT3  activation  in  DtJ-145  cells:  protein  lysates  were  collected  from  uninfected  (control)  DU-145  cells  and 
alter  IFN-^  (lOOOU/mJ).  GST  (50ng//rl)  or  GST-MDA-7  [50  ng//il)  treatment  from  15  min  to  2 h.  Samples  [50 ^g)  were  run  on  10% 
SDS  PAGE,  transferred  to  a  nitrocellulose  membrane  and  probed  wilh  rabbit  anti-phospho-STAT3  and  anti-STATS  antibodies  as 
described  in  Materials  and  methods 
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IL-24-resistant  cells  (Figure  4a).  Since  all  of  ihe 
pancreatic  cancer  cells  treated  with  GST-MDA-7 
protein,  irrespective  of  their  K-ray  status,  are  directly 
susceptible  to  killing,  it  appears  that  cells  or  tumors  that 
appear  to  be  resistant  to  infection  with  AA.nida-7,  might 
still  be  killed  following  direct  exposure  to  purified 
protein.  This  observation  suggests  added  clinical  sig¬ 
nificance  in  a  resistant  or  uninfectable  (by  adenovirus) 
tumor  context. 

The  human  pancreatic  cancer  cel!  line  BxPC-3  is 
completely  resistant  to  killing  by  Ad.mda-7  either  in  the 
presence  or  absence  of  K-ray  ablation  (Su  ei  al..  2001). 
This  cell  line  is  wild  type  for  K-ras  and  does  not  express 
detectable  levels  of  MDA-7  protein  after  combination 
Ireatment  with  antisense  K-rtzy-l-Ad./nrffl-7.  However, 
exposure  of  these  cells  to  GST-MDA-7  protein  results  in 
cell  killing,  as  shown  in  Figure  4.  Treatment  of  BxPC-3 
and  other  normal  and  cancer  cell  types  (not  shown)  with 
bacterially  expressed  and  purified  GST-MOB-5,  the  rat 
orthologue  of  mda-1  (Wang  et  al.  2002).  showed  no 
cytotoxic  effects  on  cells  and  was  comparable  to 
treatment  with  unfu.sed  GST  protein  (Figure  4b).  This 
protein  derived  from  the  rat  sequence  was  also  a 


bacterially  expressed  and  purified  GST  fusion,  which 
had  no  effect  on  cell  viability  under  conditions  where 
GST-MDA-7  caused  a  significant  amount  of  cancer- 
specific  cell  death.  Therefore,  cancer-cell  specificity  of 
mda-lflL-24  is  further  strengthened  following  parallel 
utilization  of  a  closely  related  molecule  tnob-5  (~80% 
similar)  derived  from  rat. 

Apoptosis  induction  by  exogenously  administered 
GST-MDA-7  protein  is  likely  due  to  rapid  uptake  by  cells 

DU-145  cells  were  treated  with  control  GST  or  GST- 
MDA-7  fusion  proteins  following  plating  on  coverslips. 
Cells  were  washed  thoroughly  with  PBS  to  remove 
externally  bound  material  before  fixation.  Parallel  sets 
of  samples  were  reacted  with  anti-GST  and  anti-MDA-7 
antibody  followed  by  Alexa  Fluor  488  tagged  secondary 
antibody  for  immunofluorescent  detection  of  protein 
(Figure  5).  Several  time  points  were  utilized  to  determine 
kinetics  of  protein  uptake  and  additional  controls 
including  secondary  antibody  alone,  and  nonsusceptible 
FM-5I6-SV  normal  immortal  human  melanocytes  were 
used  in  parallel  (not  shown).  When  analysed  with  anti- 
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with  anti-MDA-7  specific  antibody,  indicated  an  in¬ 
tracellular  localization  of  GST-MDA-7  protein.  Speci¬ 
ficity  is  demonstrated  due  to  lack  of  detection  of  protein 
in  GST-treated  samples  reacted  with  anti-MDA-7  anti¬ 
body.  It  therefore  appears  that  both  GST  as  well  as 


Figure  4  Cotnparalive  growth  inhibition  nnd  apoptosis  induction 
in  pancreatic  cancer  cells  treated  with  OST  or  (5ST-MDA-7.  (a) 
Cells  were  treated  with  GST  or  GST-MDA-7  and  cell  viability  was 
determined  by  the  MTT  proliferation  assay  5-days  later.  Numbers 
represent  a  ratio  of  specific  treatments  versus  untreated  cells.  An 
average  of  three  independent  experiments  is  shown  ±s.d.  (b) 
BxPC3  (wild-lype  K-roj)  human  pancreatic  cancer  ceil  line  was 
plated  in  triplicale  at  1  x  10*cells/6cm  dish.  Surviving  cells  were 
counled  72  h  after  trcalmem  wilh  purified  GST,  GST-MDA-7.  and 
GST-MGB-5  protein  expressed  and  purified  under  identical 
condilions.  Untreated  ceils  (UT)  were  used  as  an  additional 
control.  Cell  counts  were  performed  using  trypan  blue  dye 
exclusion  to  enumerale  the  number  of  surviving  cells  after 
treatment 


Figure  3  EITecI  of  the  p38MAPK  inhibitor  on  GST-MDA-7- 
induced  killing  in  prostate  cancer  cell  lines:  cells  were  incubated  in 
Ihc  absence  or  presence  of  SB20358O  (2(iM)  before  treatment  with 
GST  or  GST-MDA-7.  (a)  Photomicrograph  demonstrating  cyto- 
loxicily  of  GST-MDA-7  and  the  ability  of  SB203580  to  block  this 
effect  in  PC-3  cells,  (b)  Effect  of  GST  and  GST-MDA-7  alone  or  in 
combination  with  SB203580  on  growth  of  PC-3  cells.  Cell  viability 
was  determined  by  MTT  assay  5-days  after  infection.  MTT 
absorbance  of  untreated  control  cells  was  set  al  I  to  determine 
relalive  number  of  viable  cells.  Results  shown  are  an  average  of 
three  independent  experimenis,  ±s.d 
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I'igurc  S  Inlernalizalion  of  GST  and  the  MDA-7  protein,  respectively,  aRer  treatment  with  GSTorGST-MDA-7:  GST  and  MDA-7 
protein  localization  was  analysed  by  indirect  immunofluorescence  after  treatment  of  DU-145  cells  with  purified  GST  (24h  post- 
treatment)  or  GST-MDA-7  protein  (2  and  24h  post-treatment).  Cells  were  washed,  fined,  and  GST  or  GST-MDA-7  protein, 
respectively,  was  detected  by  indirect  immunofluorescence  using  anti-GST  (three  panels  on  top)  or  anti-mt/t7-7/IL-24  antifxtdy  (three 
panels  on  bottom) 


GST-MDA-7  fusion  protein  are  internalized  by  cells.  It 
is  unclear  if  this  is  a  receptor-mediated  process  though  a 
more  likely  possibility  is  that  ihe  GST  moiety  facilitates 
uptake  of  protein  by  cells,  as  recently  reported  {Namiki 
et  aL  2003). 

MDA-7/IL-24  localizes  lo  the  ERIGolgi  compartments 

Based  on  previous  results  indicating  that  apoptosis 
induced  by  mda-7 jlL-lA  have  a  potent  intracellular 
mode  of  action  and  this  molecule  is  active  in  inducing 
transformed  cell-specific  apoptosis  even  without  secre¬ 
tion  (Sauane  ct  aL,  2004;  Sieger  ei  al.,  2004),  it 
was  important  to  determine  the  subcelluiar  location  of 
GST-MDA-7  protein.  Therefore,  comparative  subcellu¬ 
iar  localization  of  MDA-7/IL-24  was  analysed  in 
DU-145  cells  after  treatment  with  protein  for  24h- 
GST-MDA-7  protein  was  detected  only  in  extra-nuclear 
regions  of  individual  cells.  While  there  was  a  light 
background  cytoplasmic  staining,  protein  location 
primarily  overlapped  that  of  the  endoplasmic  reticulum 
(ER)  stained  with  anti-calreticulin.  The  colocalization 
of  MDA-7/IL-24  in  the  Golgi  apparatus  was  also 
detected  via  colocalization  with  anti-GM120  staining. 
However,  no  colocalization  of  MDA-7/IL-24  in 
mitochondria  labeled  with  MitoTrackcr  red  occurred, 
confirming  staining  specificity  in  DU- 145  cells  (Figure  6). 
Similar  localization  results  were  obtained  using  the 
GST-MDA-7  protein  in  P69  cells,  suggesting 
that  differential  localization  of  MDA-7  following 
treatment  with  this  fusion  protein  may  not  be  a 
contributing  factor  in  determining  the  differential 
sensitivity  of  cancer  versus  normal  cells  lo  GST-MDA-7 
(unpublished  data). 


GST-MDA-7  protein  is  able  to  kill  human  breast 
cancer  cells  and  it  has  radiosensiliziny  effects  similar 
lo  Acfmda-7 

Ionizing  radiation  has  been  shown  to  enhance  the  killing 
effect  of  purified  GST-MDA-7  protein  in  glioma  cells  in 
vitro  (Su  ei  al..  2003;  Yacoub  el  al..  2003b.  2004).  To  lest 
whether  GST-MDA-7  is  able  to  induce  a  similar  effect  in 
breast  cancer  cells  lines  and  whether  radiation  can 
modulate  apoptosis,  first  MDA-MB-231  cells  were 
treated  with  bacterially  synthesized  GST-MDA-7 
at  different  concentrations  to  determine  effect  on  cell 
growth.  As  shown  in  Figure  7a,  GST-MDA-7.  but 
not  GST.  induced  a  dose-dependent  decrease  in  viability 
in  MDA-MB-231  ceils  as  reflected  by  MTT  assay, 
MDA-MB-231  cells  were  treated  with  bacterially 
synthesized  GST-MDA-7  followed  by  exposure 
to  ionizing  radiation  (Figure  7b).  GST-MDA-7  sup¬ 
pressed  MDA-MB-231  cell  growth  that  was  enhanced 
in  a  greater  that  an  additive  fashion  by  ionizing 
radiation  (Figure  7b).  The  direct  growth  inhibitory 
effect  of  purified  protein  in  additional  breast  cancer 
cells  was  observed  when  MCF-7,  T47D  and  MDA-MB- 
157  breast  tumor  cells  were  treated  with  the  GST-MDA- 
7  protein  (Figure  7c).  In  contrast,  no  significant 
change  in  viability  or  growth  was  observed  following 
treatment  of  the  normal  HBL-100  breast  epithelial 
cell  line  with  GST-MDA-7  (Figure  7c).  These  data 
provide  further  support  for  equivalent  cancer-specilic 
cell  killing  when  mda-7jlL-24  is  applied  to  cells 
a.s  a  GST-MDA-7  fusion  protein  produced  in  bacteria. 
Moreover,  cancer-cell  specific  killing  in  breast  cancer 
cells  by  GST-MDA-7,  a.s  previously  shown  using 
Ad.mda-7  (Su  el  al.,  1998).  occurs  in  a  p53-independent 
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Figure  6  Localization  of  Ihe  MDA-7  protein  after  treatment  with  GST-MDA-7:  MDA-7,'lL-24  prolein  localization  was  analysed  by 
indirect  immunofluorescence  after  irealment  of  DU- 145  cells  with  GST-MDA-7-  At  48  h  postinfection,  cells  were  fined  and  MDA-l/lh- 
24  prolein  was  delected  by  indirect  immunofluorescence  using  anlt-mr/i7-7/IL-24  antibody,  images  of  Golgi.  ER  and  milochondria  were 
obtained  using  anti-GI30,  anii-calreticulin.  and  MitoTracker.  respectively,  as  described  in  Materials  and  methods.  Images  of  the 
different  compartments  and  »i</a-7/lU24  were  merged  to  determine  extent  of  colocalization 


manner,  that  is.  MCF-7  (is  wild-type  p53),  MDA-MB- 
157  (is  null  for  p53).  and  MDA-MB-231  and  T47D  (are 
mutant  for  p53). 


Discussion 

Considerable  interest  exists  in  elucidating  the  mechan¬ 
ism  by  which  ffit7«-7/IL-24-mediated  apoptosis  differ¬ 
entiates  between  normal  and  transformed  cells. 
Precisely,  how  mda-l/IL-lA  induces  this  selective  efTecl 
is  clearly  very  complex  and  can  vary  in  a  cell-type  and 
cancer-specific  context  (Sarkar  ef  af..  2002a;  Fisher  ef  a!.. 
2003;  Sauane  ei  al..  2003b).  The  antitumor  cell  activity 
of  the  molecule  can  function  independently  of  JAK/ 
STAT  signal  transduction  pathways  that  are  classically 
involved  in  cytokine-mediated  activitie.s,  now  documen¬ 
ted  using  GST-MDA-7  protein  as  well  as  previously 
reported  using  adenoviral  delivery  of  mda-7llL-2A 
(Sauane  et  a!..  2003a).  Additionally,  we  previously 
demonstrated  by  sensitive  RT-PCR  methodology  that 


apoptosis  could  be  induced  in  tumor  cells  not  expressing 
detectable  levels  of  1L-20/IL-22  receptors  that  bind  to 
MDA-7/IL-24  (Sauane  el  al.,  2003a).  Moreover,  an 
adenovirus  vector  expressing  a  nonsecreted  version  of 
MDA-7/IL-24  protein  was  generated  via  deletion  of  its 
signal  peptide,  and  this  nonsecreted  protein  was  as 
effective  as  wild-type  secreted  MDA-7/IL-24  in  inducing 
apoptosis  (Sauane  ei  al.,  2004),  confirming  that  mda-7j 
IL-24-mediated  apoptosis  can  be  triggered  through 
intracellular  localization  as  well  as  via  secretion.  Our 
results  and  recent  studies  by  others  clearly  reveal  that 
intracellular  MDA-7/IL-24  is  active  in  inducing  trans¬ 
formed  cell-specific  apoptosis,  probably  through  me¬ 
chanisms  overlapping  and  possibly  involving  pathways 
associated  with  ER-stress  or  the  unfolded  protein 
response  mechanism  (Sauane  el  al..  2004;  Sieger  el  al., 
2004).  Induction  of  GADD  genes  is  classically  asso¬ 
ciated  with  the  stress  response  including  ER-stress 
pathways.  Induction  of  GADD  genes  and  further 
upstream  events  such  as  activation  of  p38MAPK  was 
shown  to  be  induced  in  a  transformed  cell-specific 
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Figure  7  Enhanced  radiation-induced  cell  killing  in  breast  cancer 
cells  treated  with  GST-MDA-7.  (a)  MDA-MB-231  cells  were 
treated  with  GST  or  GST-MDA-7  and  cell  viability  was 
determined  by  the  MTT  proliferation  assay  5-days  later.  Numbers 
represent  a  ratio  of  specific  treatments  indicated  versus  untreated 
cells,  (b)  MDA-MB-231  cells  were  treated  with  GST-MDA-7  or 
GST  and  24h  after  cells  were  irradiated  (3.  6,  DGy).  Cells  were 
collected  96h  after  irradiation  and  viability  was  determined  by 
MTT  assay,  (c)  HBL-100.  MDA-MB-157,  MDA-MB-231.  T47D. 
and  MC'F-7  were  treated  with  GST  or  GST-MDA-7  and  cell 
viability  was  determined  by  the  MTT  proliferation  assay  S-days 
later.  Numbers  represent  a  ratio  of  specific  treatments  indicated 
versus  untreated  cells.  An  average  of  three  independent  experi¬ 
ments  is  shown  ±sd 


manner  after  Aii.mda-7  infection  (Sarkar  ei  al..  2002b). 
Furthermore,  Ad.nitia-?  infection  upregulated  the 
inositol  1.4,5-trisphosphate  receptor  (IP3R)  in  HI299 
cells  (Mhashilkar  el  al.,  2003).  1P3R  is  an  intracellular 
calcium-release  channel  implicated  in  apoptosis  and 
localized  in  the  ER.  Finally,  nonsecreted  protein 
and  wild-type  secreted  MDA-7/IL-24  localizes  in  the 


Golgi/ER  compartments  (Sauane  el  al..  2004),  as  does 
the  bacterially  expressed  and  purified  GST-MDA-7 
fusion  protein. 

Previous  studies  have  documented  that  secreted 
MDA-7/IL-24  from  supernatants  of  HEK  293 
cells  has  biological  activity.  Specifically,  in  human 
PBMCs,  MDA-7/IL-24  functions  as  a  pro-ThI  cytokine 
and  induces  production  of  IFN-y,  IL-6.  and  tumor 
necrosis  factor  a  (Caudell  ei  al.,  2002).  MDA-7/IL-24  is 
also  a  potent  antiangiogenic  effector  in  vitro  as  well 
as  in  v/vo  (Ramesh  ei  al..  2003),  The  studies  listed 
above  have  likely  utilized  purified  secreted  native 
protein  at  relatively  lower  concentrations  than  achieved 
via  Ad.inda-7  infection  possibly  due  to  limitations 
of  the  source  of  production  (a  stably  transfected  293 
cell  line,  Caudell  el  ai.  2002).  Purified  MDA-7/IL-24 
used  in  these  studies  was  able  to  activate  phosphoryla¬ 
tion  of  STATl/3.  However,  none  of  these  studies, 
utilizing  native  secreted  MDA-7/IL-24  demonstrated 
growth  inhibition  or  apoptosis  induction  (Caudell 
el  ai,  2002;  Ramesh  el  ai.  2003).  Parrish-Novak  el  at. 
(2002)  demonstrated  that  in  NIH:OVCAR-3.  MDA-7/ 
IL-24  inhibited  cell  growth  only  al  doses  above  600  pM. 
This  cytostatic  effect  employs  an  alternative 
pathway  since  STATl/3  activation  was  not  observed 
and  the  authors  speculate  that  it  probably  occurs 
through  nonclassical  receptor  activation  or  might 
be  receptor  independent.  Further,  this  growth  inhibitory 
activity  was  reversible.  To  try  to  dissect  the  path¬ 
ways  involved  in  the  growth  inhibitory  activity 
of  MDA-7/IL-24  using  adenoviral  delivery  or  via 
purified  bacterial  GST-fusion  protein,  it  is  clear  that 
we  need  to  distinguish  between  physiological  and 
supraphysiological  expression  of  MDA-7/IL-24  (Fisher 
et  at..  2003).  In  the  work  by  Caudell  el  al  (2002), 
treatment  of  primary  human  PMBCs  with  bacterial 
or  yeast-derived  protein  required  a  relatively  high 
amount  of  protein  (/tg/ml  range)  to  elicit  responses  such 
as  secretion  of  secondary  cytokines  (IL-6,  TNF-a  and 
IFN-y)  compared  to  subsequent  studies  described  in  the 
same  report  performed  utilizing  native  MDA-7/IL-24 
protein  derived  from  tissue  culture  supernatants  of  a 
stably  transfected  cell  line  (Caudell  et  al..  2002).  As 
mentioned  above,  purified  MDA-7  derived-protein  from 
tissue  culture  supernatant  and  others,  including  alter¬ 
nate  bacterial  (6-Histidine  tagged)  and  baculovirally 
derived  sources  have  demonstrated  cytokine-related 
activity  including  receptor  binding  (Wang  et  a!.,  2002) 
and  JAK/STAT  activation  but  not  transformed  cell- 
specific  killing  that  we  have  obtained  with  the  GST- 
fusion  described  in  this  report.  The  reasons  for  the 
difference  in  activity  are  presently  unclear,  but  might 
involve  factors  such  as  protein  stabilization  and  inter¬ 
nalization  described  below. 

Experiments  reported  here  have  validated  the  equiva¬ 
lence  of  bacterially  expressed  GST-MDA-7  fusion  and 
adenovirally  expressed  untagged  MDA-7/IL-24  protein 
in  terms  of  their  selective  antitumor  properties.  A 
significant  number  of  peptides  or  proteins  have  been 
successfully  expressed  as  GST  fusion  proteins  without 
losing  their  biological  activity  (Smith  and  Johnson, 
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1988).  Studies  using  GST-driven  crystallization  have 
also  shown  that  the  final  crystal  structure  of  the  fused 
segment  remains  in  their  native  form  (Zhan  ei  al..  2001). 
Like  Ad.mda-7  expressed  MDA-7/IL-24  protein,  our 
GST  fusion  protein  can  induce  killing  in  cancer-derived 
cell  lines  while  exerting  minimal  effects  in  nontrans- 
formed  cells  (Figure  1)  and  death  occurs  via  apoptosis  as 
determined  by  Annexin  V  staining  and  FACS  analysis, 
which  distinguishes  apoptotic  from  necrotic  cell  death 
(Su  el  al..  2003). 

In  the  context  of  tumor  cell  killing.  GST-MDA-7 
also  operates  in  a  similar  way  as  does  MDA-7/IL-24  via 
JAK/STAT-independent  and  MAPK-dependent  path¬ 
ways  (Figures  3  and  4)  as  has  previously  been 
demonstrated  for  the  mda-7jlL-2A  gene  product 
delivered  by  an  adenovirus  (Sarkar  el  al..  2002b;  Sauane 
el  al..  2003a).  Furthermore,  treatment  with  GST-MOB- 
5  (rat  orthologue  of  mcla-7  having  ~80%  homology 
(Wang  el  ai.  2002).  purified  under  the  same  conditions, 
did  not  induce  cytotoxic  effects  in  cells  and 
was  comparable  to  treatment  with  GST  protein, 
indicating  that  the  observed  apoptotic  effects  are 
not  attributed  to  the  novel  modifications  of  the  fusion 
protein  but  rather  are  likely  a  consequence  of  the 
activity  of  the  MDA-7/IL-24  moiety  of  the  fusion. 
The  GST-tag  might,  however,  contribute  to  both 
stability  as  mentioned  above  as  well  as  facilitation 
of  protein  uptake.  There  is  aUo  a  possibility  that 
the  uptake  proce.ss  is  receptor  mediated  but  the 
likelihood  of  currently  recognized  cognate  mtla-7llL-2A 
receptor  participation  in  this  process  is  not  very  strong. 
In  general,  the  data  shown  here  indicate  that 
GST-MDA-7  is  functionally  equivalent  to  native 
MDA-7/IL-24  protein  with  respect  to  its  tumor-killing 
attributes. 

Pancreatic  cancer  is  one  of  the  mosl  lethal  forms 
of  all  malignancies,  with  the  lowest  probability  of 
survival  (Blaszkowsky,  1998;  Regine  el  al..  1998;  Hilgers 
and  Kern,  1999;  Lorenz  et  al.,  2000;  Rosenberg.  2000). 
Treatment  with  Ad.mda-7  alone  has  no  effect  on 
these  tumor  cells  despite  the  pervasive  antitumor 
toxicity  of  MDA-7/IL-24  protein,  and  it  was  postulated 
that  this  resistance  is  due  to  interference  of  mda-7IIL-24 
translation  or  protein  stability  by  the  mutant  K-ras 
pathway  present  in  85-95Vii  of  tumors  (Su  ei  al..  2001). 
While  MDA-7/IL-24  protein  was  not  detected 
after  infection  with  Ad.mda-7.  combined  infection  with 
antisense  K-ras  (phosphorothioate  oligonucleotides 
or  an  antisense  K-rai  expression  construct)  in  pancreatic 
cancer  cells  re.salted  in  production  of  MDA-7/IL-24 
protein  and  consequently  cell  death  (Su  el  al..  2001). 
We  demonstrated  that  direct  application  of  MDA-7/IL- 
24  proteins  in  the  form  of  OST-MDA-7  could 
kill  mutant  K-ros  pancreatic  cancer  cells  (Figure  4). 
Hence,  these  studies  establish  that  when  a  sufficient 
amount  of  active  MDA-7/IL-24  protein  is  delivered 
to  pancreatic  tumor  cells,  killing  is  effective  and  the 
source  of  their  apparent  resistance  can  be  most  likely 
attributed  to  interference  with  MDA-7/IL-24  protein 
translation  and/or  stability  by  the  K-rai-activated 
pathway. 


Cancer  gene  therapy  using  Ad.mda-7  has  significant 
promise  and  based  on  initial  successes  continues  to  be 
evaluated  in  Phase  I/II  clinical  trials  (Chada  el  al..  2001; 
Nemunitais,  2003).  The  potential  use  of  GST-MDA-7 
protein  as  a  therapeutic  is  intriguing,  since  it  can  enlarge 
the  existing  MDA-7/IL-24  therapeutic  scope  to 
cover  tumors  resistant  to  or  uninfectable  by  Ad.mda-7. 
It  is  presently  demonstrated  that  direct  application 
of  GST-MDA-7  can  kill  pancreatic  cancer  cell  lines 
previously  resistant  to  Ad.mda-7  (Figure  4).  Another 
example  is  renal  cell  carcinoma  (RCC).  where  recent 
studies  demonstrated  that  Ad.mda-7  did  not  affect 
RCC  proliferation  due  to  weak  infectivity,  but  GST- 
MDA-7  caused  a  dose-dependent  growth  suppre.ssion 
(Yacoub  et  ai.  2003b.  2004).  Additional  work 
has  demonstrated  that  both  Ad.mda-7  as  well  as  the 
GST-MDA-7  fusion  protein  is  able  to  radiosensitize 
primary  human  glioblastoma  cells  to  comparable 
extents  (Su  ei  ai.  2003;  Yacoub  el  a!..  2003a,  2004). 
When  analysed  with  anti-GST  antibody,  both  control 
GST  protein  as  well  as  GST-MDA-7  is  visualized  inside 
cells  in  extranuclear  locations.  Samples  processed  in 
parallel  but  reacted  with  anti-MDA-7  antibody  show  an 
intracellular  localization  of  GST-MDA-7  protein.  Spe¬ 
cificity  is  demonstrated  due  to  lack  of  detection  of 
protein  in  GST-treated  samples  reacted  with  anti-MDA- 
7  antibody.  It  therefore  appears  that  GST  as  well  as 
GST-MDA-7  fusion  proteins  are  internalized  by  cells.  It 
is  unclear  if  this  is  a  receptor-mediated  process,  although 
a  more  likely  possibility  is  that  the  GST  moiety 
facilitates  uptake  of  protein  by  ceils  as  recently  reported 
(Namiki  el  ai.  2003). 

The  retention  of  biological  activity  and  particularly, 
cancer  cell  specificity  of  bacterially  produced  GST- 
MDA-7  was  unexpected  given  the  large  size 
of  the  amino-terminally  located  lug  and  its  likely 
interference  in  receptor  binding.  However,  our  recent 
findings  that  the  mda-7/lL-24  gene  functions  efficiently 
in  the  absence  of  secretion  following  mutation  of  its 
signal  peptide  (Sauane  ei  ai,  2004)  and  the  ability 
of  GST-fusion  proteins  to  enter  cells  could  explain 
why  GST-MDA-7  demonstrates  cancer-cell-specific 
apoptosis  inducing  activity.  In  these  contexts,  the 
availability  of  this  bioactive  fusion  protein  allows 
for  more  detailed  kinetic  studies  of  MDA-7/IL-24 
action,  such  as  varying  exposure  time,  which  is  difficult 
to  achieve  with  Ad.mda-7.  The  purified  active  protein 
can  provide  an  additional  reagent  of  some  utility  in 
the  ongoing  analysis  and  characterization  of  mda-7IIL- 
24  as  a  potential  cancer  gene  therapeutic.  Accordingly, 
the  observation  that  purified  GST-MDA-7  protein 
is  able  to  kill  Ad.mi/o-Z-rcsistant  pancreatic  cancer 
cells  is  particularly  relevant.  This  indicates  potential 
complementarity  in  utilization  of  two  distinct  reagents 
IAd.mda-7  and  GST-MDA-7)  for  analytical  and 
therapeutic  uses.  Additionally,  now  having  this 
unique  combination  of  reagents  in  hand  to  deliver 
m<7fl-7/IL-24  provides  an  unparalleled  opportunity  for 
defining  the  biochemical  and  molecular  events  control¬ 
ling  cancer-cell  specificity  of  this  clinically  pertinent 
cytokine. 
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Materials  and  methods 

Cell  lines  ami  culture  ciimlilions 

PC-3.  LNCaP  and  DU-14S  (human  prostate  cancer).  2f  TGH 
(human  fibrosarcoma)  and  corresponding  mutant  sublines 
UlA.  U3A.  U4A  and  USA  (Darnell  ei  al.,  1994)  (kind  gift  of 
G  Stark,  Cleveland  Clinic,  OH,  USA)  were  grown  in 
Dulbecco’s  modified  Eagle’s  medium/F12  (DMEM/F12) 
supplemented  with  10%  FBS  at  37°C  in  a  humidified  5% 
CO2  incubator.  Human  pancreatic  carcinoma  cell  lines  (AsPC- 
I,  BxPC-3.  MIA  PaCa-2,  and  PANC-l)  were  maintained  in 
RPMl  1640  medium  containing  lOVo  FBS,  antibiotics  and  L- 
glutamine  (Blumberg  ei  al..  2001).  Normal  human  breast 
epithelial  cells  and  human  breast  cancer-derived  lines  MCF-7. 
T47D,  MDA-MB-231,  and  MDA-MB-157  were  grown  in 
DMEM  containing  10%  FBS. 

Synthesis  oj  CST-MDA-7 

Standard  cloning  procedures  were  used  to  generate  a  bacterial 
expression  vector  comprising  in-frame  fusion  of  the  mda-JIlL- 
24  open  reading  frame  3'  to  the  GST  open  reading  frame  in 
GST-4T2  vector  (Amersham  Pharmacia.  NJ,  USA),  using 
A«7jHI  and  Noll  sites  introduced  into  the  /nrffl-7/IL-24  ORF 
by  PCR.  Expression  of  protein  was  performed  by  inoculating 
an  overnight  culture  at  1 : 100  dilution  followed  by  incubation 
at  25"C  until  an  /4(ou  of  0.4-0.6nm  was  reached,  followed  by 
induction  with  0.1  /iM  isopropyl-l-thio-^-D-galactopyranoside 
(IPTG)  for  2h-  Cells  were  harvested  by  centrifugation  and 
sonicated  in  PBS  followed  by  centrifugation  to  obtain  soluble 
protein.  The  lysates  were  bound  to  a  glutathione-agarose 
column  (Amersham  Pharmacia.  NJ,  USA)  at  4°C  for  2  b 
followed  by  washing  with  50  volumes  of  PBS  and  10  volumes 
of  PBS  with  500  mM  NaCl.  Passing  20  mM-reduced  glutathione 
through  the  column  and  collecting  1  ml  fractions  performed 
elution  of  bound  protein.  Fractions  were  analysed  by  gel 
electrophoresis,  and  positive  samples  were  dialysed  against 
1000  volumes  of  PBS  for4h  with  one  change,  followed  by  500 
volumes  of  DMEM  for  4h.  Protein  concentration  was 
estimated  by  Bradford  assays,  as  well  as  gel  electrophoresis, 
in  conjunction  with  Coomassie  blue  staining.  Samples  were 
tested  for  activity  using  GST  protein  as  control.  An  antipep¬ 
tide.  rabbit  polyclonal  antibody  was  raised  to  specifically 
deieci  MDA-7  proiein  and  was  used  in  ihcse  studies  at  1 : 1000 
dilution  for  immunoblotling  and  I  :  200  dilution  for  immuno- 
fluorescence. 

MTT  assays 

Cells  were  plated  in  96-well  dishes  (1  x  lO'cells/weli)  in 
DMEM/F12  containing  10%  FBS  and  allowed  to  attach  for 
I2h  prior  to  GST  or  GST-MDA-7  treatment,  u-sually  at  25- 
50ng//tl.  Treatment  with  inhibitors  was  initiated  Ih  before 
treatment  with  protein.  During  a  5-7-day-treatment  period, 
the  medium  was  changed  twice  with  fresh  inhibitor  containing 
medium  at  days  3  and  6.  Cell  growth  and  viable  cell  numbers 
were  monitored  by  3-(4,5-dimelhylthiazol-2-yl)-2.5-diphenyl- 
tetrazolium  bromide  (MTT)  staining  as  described  (Lebedeva 
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Cells  were  trypsinized  and  washed  once  with  complete  media. 
Aliquots  of  the  cells  (5  X  10')  were  resuspended  in  complete 
medium  (0.5  ml)  and  stained  with  FlTC-labeled  Annexin-V 
(kit  from  Oncogene  Research  Product,  Boston.  MA.  USA) 
according  to  the  manufacturer's  instructions.  Propidium 
iodide  (PI)  was  added  to  the  samples  after  staining  with 
Annexin-V  to  exclude  lale  apoptotic  and  necrotic  cells.  The 
FACS  assay  was  performed  immediately  after  staining. 


Cells  were  trypsinized  and  washed  once  with  complete  media. 
Aliquots  of  cells  (5xl0'>  were  resuspended  in  complete 
medium  (0.5  ml).  Propidium  iodide  (PI)  was  added  to  the 
.samples.  FACS  assays  were  performed  immediately  after 
staining.  The  percentage  of  cells  in  the  apoptotic  {Ao)  ftaction 
was  calculated  using  CellQuesl  software  (^cton  Dickinson). 


Cell  lines  were  grown  on  10-cm  plates  and  protein  extracts 
were  prepared  with  RIPA  buffer  containing  a  cocktail  of 
protease  inhibitors.  A  total  of  50  /ig  of  protein  was  applied  to 
12%  SDS  PAGE  and  transferred  to  nitrocellulose  mem¬ 
branes.  The  membranes  were  probed  with  polyclonal  anti¬ 
bodies  to  MDA-7/IL-24.  phospho-STAT.3  and  total  STAT3 
(Cell  Signalling  Technology,  MA,  USA). 


DU- 1 45  cells  were  grown  in  chamber  slides  (Falcon-BD,  CA, 
USA)  fixed  with  2%  paraformaldehyde,  permeabilized  by 
0.1%.  Triton  X-100,  and  then  incubated  with  primary 
antibodies:  anti-rabbit  mda-7.  GMI30  (BD  Pharmingen.  CA, 
USA).  LAMPl/2  (Santa  Cruz,  CA.  USA),  Calreticulin  (BD 
Pharmingen,  CA,  USA)  and  Mitrotrack  marker  (Molecular 
Probes,  Eugene.  OR,  USA).  FITC-conjugaied  donkey  anti¬ 
mouse  IgG  and  anti-rabbit  IgG  (Molecular  Probes,  Eugene. 
OR.  USA)  were  used  for  visualization  on  a  Zeiss  LSM  510 
fluorescence  microscope. 
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